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Abstract
EVOLUTION AND DEVELOPMENT OF THE SEED COAT IN GYMNOSPERMS
by Cecilia Zumajo - Cardona
Advisor: Barbara A. Ambrose

Gymnosperms and angiosperms are the most abundant plant lineages on earth and
constitute a turning point in the evolution of plants because they are at the origin of the
seed, a key morphological and developmental novelty in the evolution of land plant.
Although the morphological variation of the seed, across seed plants, may on its own, explain
the complexity of this structure, the origin, and evolution are even more, the understanding
of these topics is still under discussion. Evidence shows that previous studies have often
lacked the component of gene expression, particularly in species that are not model species.
The gene expression approach is key to have access to information on the putative functional
evolution of the genetic network involved in the development of the seed coat, the object of
this research.
Therefore, in a comparative context, this thesis, focused on different species of gymnosperms:
Gnetum gnemon, Ginkgo biloba, Ephedra californica, Ephedra antisyphilitica and Taxux
baccata, addresses the evolution and development of the seed coat through morphological,
anatomical, phylogenetic, and genomic perspectives. In the first part, the subject is
approached by a review of what is known about the genes that are involved in the
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development of the ovule in angiosperms (Chapter 1 ), followed by analyses of gene
expression in Gnetum and Ginkgo (Chapter 2 ). The gene expression analyses performed for
the homologs of Ginkgo and Gnetum: WUS, ANT, BELL1, KAN and UCN, made possible
to determine that BEL1 and KAN, also studied in seedless plants, are found expressed in
sporangia. These results indicate that: most of these genes have undergone multiple
duplication events and, that the expression patterns are not conserved across seed plants;
results that support the hypothesis of the evolution of the integuments as result of
sterilization of sporangia.
A second component of this thesis explores through transcriptome analyses, the genes likely
involved in the development of structures forming part of the integument/ seed coat in
Ginkgo (Chapter 3 ) and seed coat structures such as the fleshy and dry bracts in Ephedra
antisyphilitica and Ephedra californica, respectively (Chapter 4 ), and the aril of Taxus
baccata (Chapter 5 ). This work evidences the complexity of the genetic network underlying
the development of the integument and seed coat across seed plants, while emphasizing the
importance of studies in non-model species. Moreover, the transcriptome analyses here
presented, focusing on the seed coat of species from different groups of seed plants, provide a
solid basis for understanding this important and yet enigmatic structure.
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Glossary
Anatropous: Refers to the orientation of the ovule. The ovule curves on it self, the
micropyle is located next to the stalk.
Bitegmy: Ovules with two integuments.
Chalaza: Proximal region of the ovule, from where the integuments develop.
Epimatium: Specialized ovuliferous scale found in Podocarpaceae, where it becomes fleshy
and colorful.
Funiculus: (or Funicle) stalk of the ovule.
Heterospory: production of two types of spores: megaspore (female gametes, usually
bigger in size) and microspore (male gametes, smaller in size). Present in all seed plants,
some ferns and some lycophytes
Homospory: Production of one type of spore.
Integument: Tissue surrounding the nucellus. It becomes the seed coat as the ovule
develops into a seed.
Microphyll: leaf with a single unbranched vein present in lycophytes.
Microsporophyll: vegetative lateral branch (leaf or bract) bearing sporangia.

Micropyle: Opening of the ovule formed by the integument(s), allowing the pollen to enter
and fertilize the egg.
Orthotropous: The orientation of the ovule is straight, the micropyle is located opposite
the stalk.
Pollination drop: secretion produced by the micropyle of gymnosperms. The pollen lands
on the pollination drop and enters the ovule as the drop retracts.
Sorus: plural sori; cluster of sporangia found on the abaxial side of most leptosporangiate
ferns.
Strobilus: plural strobili; sporangia-bearing structures densely aggregated along a stem
such as, pine cones.
Unitegmy: Ovules with one integument.

’Asleep within the seed the power lies’
Goethe

Chapter 1
Background - Evolution of the seed coat

1.1

Introduction

The seed is an evolutionary novelty and is one of the most important events in the evolution
of land plants (Gerrienne et al., 2004; Stewart and Rothwell, 1993); it develops from the
ovule, after the fusion of the sperm and egg cells (fertilization; Frohlich and Chase, 2007;
Gasser, Broadhvest, et al., 1998; Leubner-Metzger, 2006). The ovule is defined as a
megasporangium or nucellus, inside which is a megagametophyte covered by the integument
(early stage of the seed coat which is the visible part of the seed). Thus, the ovule is an
indehiscent megasporangium covered by the integument. Multiple events have led to the
evolution of the ovule and its evolution is linked to the evolution of the pollen tube, which
allows the pollen to enter the nucellus and be closer to the egg cell (Foster and Gifford, 1974;
Stewart and Rothwell, 1993). One of those important events in the evolution of the ovule is
heterospory, defined as the sexual differentiation between male, microspores which develop in
the microsporangium and female megaspores, which develop in the megasporangium. In
addition, the evolution of endospory was integral for seed evolution, that is the retention of a
single functional megaspore forming the nucellus and microspores are shed (Bateman and
DiMichele, 1994; Foster and Gifford, 1974; Pettitt, 1970; Stewart and Rothwell, 1993). The
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key process in the origin of the seed and, more precisely, of the ovule, is based on the
formation of the integuments around the megasporangium because it ensures the protection
of the developing embryo and tolerance to desiccation. During their development, the
integuments undergo a series of ontogenetic transformations leading to a wide range of seed
coat variety. The differences in seed coat morphologies can be traced back ontogenetically, to
the integuments or, when present, to the aril or the associated structures such as adjacent
bracts (Esau, 1965). However, during the development of the ovule and due to the intensity
of cellular destruction of the integumentary cells, the degree of sclerification, the deposition
of ergastic substances and the major changes in the epidermis, such as the development of
trichomes, ovules of different species which are apparently similar, turn out to be very
different seeds, morphologically (Esau, 1965).
Although to identify the two main lineages of seed plants, the most commonly used
terminology is gymnosperms, plants whose seeds are ‘naked’ and angiosperms, such as plants
whose seeds are covered with a fruit (Brongniart et al., 1828; Esau, 1965; Lindley, 1830;
Tomlinson, 2012). It is important to specify that this terminology, only takes into account
late ontogenetic development (the seeds) thus, forgetting the specific features of the ovule,
initially captured in Brown’s (1827) terminology that defines the two main lineages of seed
plants as the pollen receiving structures thus, plants in which the ovule directly receives the
pollen as ‘gymno-ovulate’, in contrast to the ovule covered with a carpel which receives the
pollen as ‘angio-ovulated’ (R. Brown, 1827; Cantino et al., 2007). Brown’s terminology
appears to be more consistent and best defines one of the essential peculiarities of each of the
two main lineages of seed plants, as all gymnosperm ovules receive the pollen directly but,
most of their seeds are still covered (i.e., by cone bracts or arils). Other aspects such as the
number of integuments present in the seeds have also been used to define each of these
lineages: gymnosperms having a single integument and angiosperms having two, and yet seed
diversity, in terms of number integuments and seed structures is enormous (Figure 1.1).
This brief review of previous studies on the ovule will explore the seed through its seed
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Figure 1.1: Schematic representation of the ovule morphologies across seed plants. Ferns
have sporangia. a Typical gymnosperm ovule morphology (i.e. pinus). b Ovule with extra
structure, aril (i.e. Taxus). c Ovule with overgrowth at the funiculus, epimatium (i.e.
Podocarpus). d Ovule with bracts covering the integuments (i.e. Gnetales). e-i Angiosperm
ovules. e ovule with two integuments and orthotropous orientation, characteristic of Amborella
trichopoda. f-g Ovule with two integuments and anatropous orientation, typical in most
monocots and basal eudicots. h Ovules with one integument and anatropous orientation,
typical of asterids. i Ovules with two integuments and anatropous orientation, considered the
typical ovule morphology across angiosperms. Red asterisks, pointing to the most common
morphology in each major lineage of plants; pink, integument; grey, sporogeneous tissue.
coat, and at the same time, to highlight the rich variety of seeds: from the origin and
evolution of the ovule, to historically postulated hypotheses, to a brief review of the
morphoanatomy of the integument, including a brief discussion of the genetic bases
underlying its identity.
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1.2

Hypotheses explaining the origin of the integument covering
the sporangium: origin of the ovule

The seed coat is an evolutionary novelty, it is what characterizes an ovule, so far its origin
and therefore, that of the ovule is not yet clear (Stewart and Rothwell, 1993). In land plants,
the innermost part of the ovule, the nucellus, is homologous to the sporangium of all other
embryophytes (Niklas and Kutschera, 2010). In seed plants, the megasporangium first
developed into an ovule with a single integument as in gymnosperms; later, covered by a
second integument in angiosperms. It is assumed that the inner integument of the
angiosperms is homologous to the single integument of gymnosperms (Crane, 1985; Doyle
and M. J. Donoghue, 1986; Gasser and Skinner, 2019; Umeda et al., 1994). However, some
fossils lineages suggest independent origins of the integument across seed plants
(G. W. Rothwell et al., 2010; Stewart and Rothwell, 1993). The unresolved origin of the
ovule has historically given rise to many hypotheses, some of which were abandoned early
because they were based on erroneous interpretations of the ovule or because they were
formulated using angiosperm-centered terminology. To illustrate those hypotheses, I will
mention three of them: one suggested that the integument originates from an indusium, a
thin layer covering the sorus on a fern leaf; or another suggesting that the integument was a
modified leaf, making the funiculus a vegetative shoot and the ovule relative to a terminal
bud; and finally, another where it is suggested that the integument was a sporophyll, similar
to the previous hypothesis where is suggested that the ovule is covered by a leaf-like
structure (Reviewed in A. Meeuse, 1966; Worsdell, 1902, 1904). But there are three other
main hypotheses that have been formulated and are still debated and each has supporting
evidence (Figure 1.2) (reviewed in Brenner and Stevenson, 2006). One of these hypotheses
suggests that the integument could have been derived from fused sterile telomes enclosing
the sporangium known as the ‘telome hypothesis’ (Figure 1.2a; Walton, 1953; Zimmermann,
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1965) and is mainly supported by the interpretation of the fossil record. A second hypothesis
suggests that the funiculus, the stalk supporting the ovule, develops an outgrowth to form
the integuments as a new structure is known as the ‘de novo hypothesis’ and it is supported
by the presence of new structures, such as the aril covering some seeds (i.e. Taxus; Figure
1.2b; A. Meeuse, 1966). And a third one suggests that a cluster of sporangia, sori, have fused
to form a synangium where only the central sporangium remained fertile and the outer
sporangia became sterile giving rise to the integuments (Figure 1.2c; Benson, 1904), known
as the ‘synangial hypothesis’, supported by extant lineages such as Marattiales, an early
diverging lineage of ferns, with partially fused sporangia. The synangial hypothesis then gave
way to the so-called neosynangial hypothesis, which includes the observation of the
anatomical details like the vascular system of early vascular plants, the fossil record and
extant seed plants (like cycas) supporting the origin of the seed from a synangium (Kenrick
and Crane, 1997).

1.3

Seedless vascular plants, transition to seed development

Vascular plants include lycophytes, ferns, and seed plants, where lycophytes and ferns are
‘seedless’ lineages that predate the evolution of the seed. Extinct and extant lycophytes and
ferns exhibit features thought to have been retained to form the ovule, a trait unique to seed
plants. In fact, many events are considered to have occurred in land plant evolution, which
would have led to the key culminating event: the ovule/ seed. After heterospory, the
sequence of those events (hereafter, briefly listed) is not yet clarified due to gaps in the fossil
data, such as the formation of a single functional megaspore in the megasporangium by
abortion of three megaspores; the retention of the functional and abortive megaspores in the
megasporangium; the formation of endosporic megagametophytes within an indehiscent
megasporangium; the development of the nucellus apex for pollen reception; the development
of the integument and the micropyle and, finally, the formation of the pollen tube or pollen
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tube-like structures in the microsporangium (in the male structure) which penetrates the
nucellus and allows the sperm to be in proximity with the egg (Pettitt, 1970; Stewart and
Rothwell, 1993).

1.3.1

Lycophytes

Heterospory, considered to be the first step in the evolutionary process in land plants (Lyon,
1901; G. M. Smith, 1938), being the first event of sexual differentiation in the sporophyte
generation, might have first appeared in lycophytes. In which the heterosporous lycophytes,
produce megasporangia and microsporangia structures that give rise to female gametophytes
and male gametophytes, respectively (Bateman and DiMichele, 1994; Bower, 1894; Foster
and Gifford, 1974; Lyon, 1901; Pettitt, 1970). From fossil record evidence, it has been
observed that although the number of megaspores per megasporangium varies, there is an
evolutionary tendency to reduction of the megaspore number in many functional megaspores,
to a single functional megaspore (Stewart and Rothwell, 1993). In heterosporous lycophytes,
the development of the gametophyte phase is always endosporic (Foster and Gifford, 1974).
The fossil record of extinct arborescent lycophytes shows striking characteristics in the
reproductive morphology. For instance, during the Upper Devonian ( 380 mya) most
lycophytes were heterosporous with the sporangia organized into well-defined cones, with the
sporangia subtended by a sporophyll (Bower, 1935; Schoute, 1938; Stewart and Rothwell,
1993). However, some genera such as Pinakodendron, are heterosporous but not organized
into a cone, instead the sporangia are adaxial to the leaves on the major branches (Stewart
and Rothwell, 1993). The genera Achlamydocarpon and Lepidocarpum, appear to have
reproductive structures that resemble ovules. The megasporangium contains a functional
megaspore that fills the sporangial cavity, and three abortive megaspores are located at the
distal end of the megasporangium (Hoskins and Cross, 1941; Schumacker-Lambry, 1966;
T. N. Taylor and Brack-Hanes, 1976). Both genera have evolved structures that protect the
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developing megaspore. Structures very similar to the ovule of gymnosperms; both
integumented, with endosporic megagametophyte development, archegonia, food storage
tissue and an opening resembling a micropyle (Abbott, 1963; Stewart and Rothwell, 1993).
However, the difference is that, in these fossil lycophytes, the megasporangium dehisced,
exposing the archegonia on the surface of the megagametophyte (Ramanujam and
W. N. Stewart, 1969) (Ramanujam and Stewart, 1969;). The dehiscence of the
megasporangium in heterosporous extinct and extant lycophytes is one of the most
important characteristics that distinguish them from seed plants where the megasporangium
is indehiscent (Stewart and Rothwell, 1993).

1.3.2

Ferns

Ontogenetic development of the sporangia in ferns occurs in two distinct ways, hence ferns
are divided into two main groups: leptosporangiate where the sporangia arise from a single
initial cell and eusporangiate where the sporangia arise from several initial cells, the same
way as in seed plants (Bower, 1935; Bower, 1894; Campbell, 1895; Foster and Gifford, 1974).
Of particular interest are eusporangiate ferns members of the Marattiaceae family (one of
the oldest extant ferns with six genera: Angiopteris, Christensenia, Danaea, Eupodium,
Marattia and Ptisana in which sporangia form a synangium associated with the leaf vein,
this characteristic has been used to provide support for the synangial and neosynangial
hypotheses (reviewed in Brenner and Stevenson, 2006). Among Marattiaceae, there are
different levels of synangium fusion. The genus Angiopteris has separate sporangia which
occasionally show some fusion laterally and rarely extensive enough to form a
‘pseudosynangium’ (Figure 1.3a; Camus, 1990). The genera Marattia and Eupodium have a
bivalved synangium, each valve is stalked (Figure 1.3b). The genus Ptisana has sessile
bivalved synangia. The genus Christensenia, with the sporangia fused laterally into a
completely circular synangium with up to 20 compartments, has one of the most distinct
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synangial morphologies and most striking for its implications in seed evolution (Figure 1.3c).
The genus Danaea has two rows of spore-bearing compartments, fused laterally and ventrally,
united into a compact soral group covered by a wall and each compartment dehisces by a
circular pore. In Marattiaceae, the levels of fusion of the reproductive structures vary,
ranging from no or little fusion in Angiopteris, to a fused bivalved synagium in Marattia to a
completely fused synangium dehiscing through a pore in Danaea and Christensenia. Even
though these ferns are homosporous, these morphologies constitute a turning point in the
evolution of the reproductive structures of land plants, with the synangium providing the
structure covering the sporangia, hence, it can be regarded as an early stage of the
integument evolution.
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Figure 1.3 (prev. page) caption continuation: c Christensenia lobbiana. Picture by
Dr. Dennis Stevenson. d strobilus of Equisetum diffusum. e reproductive strobilus of
Ophioglossum sp. f trilobed synangium of Psilotum nudum. g Example of leptosporangiate
fern, Ceratopteris richardii, with the spores on the abaxial side of the leaf.
Other eusporangiate ferns also have distinctive reproductive structures. Equisetales exhibit
sporagiophores, the sporangia bearing structures, organized into strobili which occur
terminally on the main vegetative axis. The strobilus is composed of an axis with whorls of
stalked peltate structures (the sporangiophores), at maturity the cone axis elongates
separating the sporangiophores and the sporangia open to release the spores through a
longitudinal clef that is formed in the inner side of each sporangium (Figure 1.3d; Foster and
Gifford, 1974). In Ophioglossales, there is a single frond, with a sterile segment distally and
fertile segment proximal, interpreted as fertile pinnae with the sporangia developing along its
two sides. Small vascular strands are present between the sporangia and often turned toward
them. When tetrahedral spores are formed, they are liberated through a slit in the
sporangial wall, perpendicular to the side surface of the fertile leaf (Figure 1.3e). In
Psilotales, the spore-producing structure is a trisporangiate (3-lobed) synangium located at
the tip of a short axis and each lobe of the synangium exhibits loculicidal dehiscence to
release the spores at maturity (Figure 1.3f; Foster and Gifford, 1974).
The majority of extant ferns are leptosporangite, where a single cell serves as the
sporangial initial. The sporangium grows from the apical cell, which will give rise to the
jacket cell and the internal cell, and divisions of subjacent cells which will give rise to the
tapetal initial and later to the sporocytes. For the most part, the sporangia are crowded into
compact groups on the abaxial side of the leaves, with a group of sporangia called sorus
(plural sori). The sori are usually found over or at the terminus of a vein. Sori may be
protected by a covering called an indusium or it may be ’naked’. In some species a reflexed
marginal portion of the lamina is associated with the sori, forming a pouch-like structure or
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pseudo-indusial structure (i.e. Ceratopteris richardii; Figure 1.3g; Foster and Gifford, 1974).
Another key difference between eusporangiate and leptosporagiate ferns is the dehiscence
mechanism, eusporangiate dehiscence typically occurs through a longitudinal slit; whereas
leptosporangiate sporangium dehiscence varies according the position of the annulus, a group
of thick-walled cells, which may result in longitudinal, oblique or transverse dehiscence
(Foster and Gifford, 1974).

1.3.3

Early diverging gymnosperms - Extinct lineages

Upper Devonian fossil evidence shows early diverging gymnosperms, with primitive
organization that preceded the appearance of the ovule, suggesting a structure known as the
’pre-ovule’, a megasporagium with partially fused ‘integumentary lobes’, lacking a micropyle.
The oldest fossil records of the genus Elkinsia, dated to the late Devonian to early
Famennian ( 372 mya), has a cupule with planated sterile telomes, that partially surround
four preovules; each orthotropous preovule is born at the tip of a short stalk. The
integumentary lobes covering the nucellus have little fusion which occurs in the basal
one-third of the preovule (Rothwell and Scheckler, 1988). Archeosperma arnoldii also shows
very similar morphology to Elkinsia except that the integumentary lobes in Archeosperma
show more fusion, being divided into a number of lobes only at the tip (distal portion) of the
preovule forming a ring resembling the micropyle opening (Pettitt and Beck, 1968).
The characteristics and the reproductive mechanisms of this group of plants have inspired
hypotheses, which have given rise to a great number of studies on the morphological
evolution of land plants. This review, although brief, of the characteristics of extant ferns
and lycophytes, as well as of its extinct lineages, through fossil evidence, sheds light on the
origin of the seed and as well as on the fascinating evolutionary journey of plants. In fact,
seedless plants are considered a keystone for the understanding of the events which
culminated in the appearance of the ovule and its appendage, the integument, which not
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only defines it but which plays a fundamental role in its vitality and protection.

1.4

Seed coat development in gymnosperms

Gymnosperms are considered to be the most ancient extant lineage of seed plants, it is in this
group of plants that many new features have emerged, such as seeds; therefore, they occupy
a key evolutionary point in land plants (Figure 1.1; Coulter and Chamberlain, 1910). The
gymnosperm lineage is divided into four orders: Cycadales, Ginkgoales, Pinales and Gnetales
although its monophyly is still a matter of controversy (Doyle, 2012; Forest et al., 2018).
The typical gymnosperm ovule is characterized by an integument that covers the nucellus
leaving an opening, known as the micropyle, to allow the pollen to enter and which usually
has an orthotropous orientation (Figure 1.1a-d; Brenner and Stevenson, 2006; Foster and
Gifford, 1974). The development of the seed coat, in gymnosperms, is highly variable due to
the contribution of multiple structures (H. Singh and Johri, 1972). For instance, while the
seed coat in cycads, in members of the Pinaceae and in the genus Cephalotaxus originates
mainly in a region known as the chalaza (at the base of the ovule; Sánchez-Tinoco and
Engleman, 2004; H. Singh, 1978), in Gnetum, Ginkgo and podocarps the seed coat develops
from the chalaza in addition to the integuments (A. Douglas et al., 2007; Haycraft and
Carmichael, 2001; Takaso and F. Bouman, 1986). In several other taxa such as
Araucariaceae members, the seed coat develops from the integument only (Haines, 1983).
Here, to better illustrate the great variety among gymnosperms, I briefly review the
morphoanatomical characteristics of the development of the seed coat, in the major lineages.
In cycadales, the ovule morphoanatomy appears to be similar among all species. The ovule
consists of a nucellus covered with an integument which becomes fleshy and colorful
promoting seed dispersal by rodents (Figures 1.1a, 1.4; Sánchez-Tinoco and Engleman, 2004).
At the time of fertilization, the integument has three clearly differentiated tissue zones: the
sarcotesta, which is the outermost zone and is rich in mucilage canals and accumulates
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tannins (Norstog, 1987); the middle zone, the sclerotesta, and finally the fleshy inner zone
which is fused to the nucellus over most of the length of the ovule (Nixon et al., 1994;
Sánchez-Tinoco and Engleman, 2004; Schmid, 1986; H. Singh, 1978; Takaso and F. Bouman,
1986). When the seed has reached its maximum size, after fertilization, these zones mature
into a homogeneous structure and no distinct layers can be discerned (Chamberlain, 1935;
H. Singh, 1978).
Ginkgo biloba L., the only survivor of the order Ginkgoales (Kubitzki, 1990), has been key
in understanding the diversity of seed plants due to its many morphological differences in
both its vegetative and reproductive structures.
The mechanisms involved in the evolution of the ovule have been largely discussed
(Carothers, 1907; Chamberlain, 1935; A. Douglas et al., 2007; Seward and Gowan, 1900).
Typically, two ovules develop on the funiculus, or stalk, axillary to a leaf, as the funiculus
dichotomizes; at the base of the ovule is the collar, a vegetative structure unique to G. biloba
(Figure 1.4b; Takaso, 1980; Douglas et al., 2007). Each ovule consists of a nucellus covered
with an integument (Figure 1.1a) which at maturity becomes fleshy (Figure 1.4b), with three
completely differentiated zones. From outside to inside: the sarcotesta rich in mucilage
canals and covered by the epidermis which also has cuticle; the sclerotesta which is lignified
all along the ovule but unlignified in the micropylar half; the third layer is the endotesta
which is united with the nucellus at the base of the ovule but it is not fused in the
micropylar region (Favre-Duchartre, 1958). In Ginkgo the fleshy integument is formed even
before the fertilization of the ovules making it even harder to identify sterile from fertile
ovules (Favre-Duchartre, 1943).
In Pinales, most species develop woody strobili in which, at the base of each bract-scale,
two ovules develop. These ovules have the nucellus covered with an integument which is
fused to the nucellus, except at the apex. The seeds are usually dry, many of which are
winged. Winged seeds are common in Cupressaceae and evolved independently in Pinaceae
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and Araucariacae (Stevenson, 2013). Juniperus (Cupressaceae) ovules have very thin
integuments and the strobili become fleshy, promoting dispersal by birds (K. Sporne, 1967,
Stevenson 2013). However, the most dramatic morphological differences in the seed coat are
found in the Taxaceae and Podocarpaceae families.
In Taxaceae, the ovules arise from the apical initials of the shoot apical which first give
rise to the nucellus; the integument develops from the cells flanking the meristem (Figure
1.1b; Loze, 1965; H. Singh, 1978). After the integuments are well developed, the aril begins
to develop after pollination in the form of a thin, green annular wall around the base of the
ovule (Haan, 1920), mainly due to periclinal divisions in the subepidermal region (Loze,
1965; Pankow, 1962); the mature ovule consists of a thick, fleshy red colored aril surrounding
the entire ovule (Figure 1.4c).
In Podocarpaceae ovules, the fleshy structure that develops from the stalk is known as an
epimatium (Chamberlain, 1935; Figure 1c). In addition, during its development, the ovule
rotates due to asymmetric growth of the integument, thus the micropyle is located opposite
to the stalk, different from the orientation found for the other gymnosperms (I. Mundry,
2000; H. Singh, 1978; Tomlinson, Takaso, and Rattenbury, 1989).
In Gnetales, the integument is surrounded by several pair of decussated bracts. The
number of organs surrounding the ovule is variable among species (Figure 1.1d; Endress,
1996; Martens, 1971; Takaso and F. Bouman, 1986). Within Gnetales the integument
contributes to seed coat formation only in Gnetum but not in Ephedra and Welwitschia
where the bracts cover the entire ovule and form the seed coat (H. Singh, 1978). The
envelopes covering the nucellus in Gnetales develop acropetally (the outer envelope develops
first; Endress, 1996; Takaso and F. Bouman, 1986). The outer envelope starts developing
from the lateral sides of the nucellus, as a bilobed structure, and the innermost envelope
develops uniformily around the nucellus (Takaso and F. Bouman, 1986). The anatomy of the
outer envelopes, which leads to differences in the morphology of the seed coat, is not
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comparable among Gnetales (Endress, 1996; Rodin and Kapil, 1969). While in Welwitschia
and in some Ephedra species, the seed coat is winged and the wind acts as a dispersing agent.
In Gnetum and most Ephedra species, the seed coat becomes fleshy and seed dispersal relies
on birds and non-volant mammals attracted to it (Figures 1.4d-g; Hollander and
Vander Wall, 2009; Hollander, Vander Wall, and Baguley, 2010; S. Ickert-Bond and Rydin,
2011; S. Ickert-Bond, Skvarla, et al., 2003).
The Welwitschia ovule is composed of two envelopes: the inner corresponds to the
integument forming a micropyle; and the outer envelop is flattened in the tangential plane,
parallel to the bracts. As the seed matures, the outer envelope forms a thin membranous
wing-like structure around the seed (Haan, 1920; McNab, 1873). Ephedra usually has two
envelopes enclosing the nucellus. The inner envelope is the integument which, at the time of
pollination, elongates to form the micropyle and produces the pollination drop and the outer
envelope that consists of four bracts, coalescent at the base (Chamberlain, 1935). The nature
and homology of the two envelopes, is vigorously debated (Eames, 1952; Lehmann-Baerts,
1967). Recent studies have helped to clarify the homology of the outer envelope, indicating
that it is more comparable to the vegetative leaves than to the integument (Rydin,
Khodabandeh, et al., 2010; Takaso, 1985).The outer envelope begins to develop in a
horseshoe shape starting on two sides of the ovule and later becomes uniformly distributed
around the ovule, also known as bilobed development (Takaso, 1984, 1985); and it is
vascularized with four bundles in the same way as bracts and leaves (Rydin, Khodabandeh,
et al., 2010; Takaso, 1985).
In Gnetum, the ovule has three envelopes: the inner envelope constitutes the integument
(Chamberlain, 1935; Coulter and Chamberlain, 1910; Martens, 1971), the middle envelope is
characterized by a massive inner layer of sclereids. (Rodin and Kapil, 1969), and the outer
envelope consists of parenchyma with many elongated laticifers and is covered with a heavily
cutinized epidermis on the outer side (Rodin and Kapil, 1969).
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The morphoanatomy of the seed coat determines that of the seeds; morphologically,
gymnosperm seeds can be distinguished into three types: fleshy, dry and dry winged seeds
(Figure 1.4). Fleshy seeds, also seem to have evolved three different times in gymnosperms.
In Ginkgo and Cycas the fleshy seed coat develops from the integument, while in Taxus the
‘fleshiness’ is an outgrowth of the ovule stalk and in Torreya and Cephalotaxus the
development of the fleshy part remains enigmatic because it is neither free from the seed nor
postgenitally fused (Bierhorst, 1971; I. Mundry, 2000). Dry seeds but not winged seeds are
present in Araucariaceae. As for winged seeds, during gymnosperms evolution, they seem to
have evolved at least three different times, as the ‘wings’ developed from lateral growth of
the integument in Pinaceae and Cupressaceae and from the the outermost envelope in
Welwitschia.

1.5

Seed coat development in Angiosperms

Angiosperms, with multiple striking evolutionary novelties such as the flower and the fruit,
form the most abundant and diverse plant lineage on earth, represented by more than
350,000 species (Freiberg et al., 2020; Govaerts, 2001). A brief review of the studies carried
out on certain species, some of which are model species that have been better studied, will
allow us to highlight the general characteristics of the morpho-anatomy of the seed coat in
this lineage.
Angiosperm ovules develop from the ovary and are protected by the carpel which will
receive the pollen at the time of pollination (Gasser and Robinson-Beers, 1993). Although
the ovules of this lineage, are generally described as having two integuments covering the
nucellus, their number and structure are variable and very diverse (Bouman, 1984; Eames,
1961; Endress, 2011; Igersheim and Endress, 2008). In addition, most angiosperm ovules
have anatropous orientation due to the asymmetric growth of the outer integument, which
positions the ovule in the best orientation to receive the pollen (Figure 1.1e-i; Endress, 1994;
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Gasser and Robinson-Beers, 1993; A. Meeuse, 1966; Palser, 1975).
The origin of the two integuments in angiosperms is still under discussion due to little
evidence and a inconclusive fossil record. It has been suggested that the two integuments are
characteristics retained from of the ancestors of this lineage (Stebbins, 1974; Stebbins and
Hoogland, 1976). According to Camp and Hubbard (1963), the Paleozoic Lagenostoma fossil
(belongs to the pregymnosperm clade later renamed Pteridiospermae; Oliver and D. H. Scott,
1904) has traces of two integuments, the inner integument fused to the nucellus; however, for
most paleobotanists, it is interpreted as an unitegmic ovule. A topic of debate, in most of
the discussions relating to the fossil lineages of progymnosperms and pteridiosperms is in
relation to the evolution of the ’cupule’ (which surrounds preovules), and whether it becomes
the carpel or the outer integument. The fossil Calathospermum, Lagenostoma and
Cathospermum seem to reveal an evolutionary scenario leading to an ovule with two
integuments, thus explaining the evolution of bitegmic ovules: reduction in the number of
ovules, reduction in the length of the stalk followed by a possible fusion of the unitegmic
ovule with the cupule; yet, these ovules are orthotropous (A. G. Long, 1977; D. L. Smith,
1964). Caytonia, another key fossil lineage, has a cupule with anatropous orientation with
several erect unitegmic ovules. Umkomasia, a closely related fossil, has only one ovule, where
the fusion of the surrounding cupule and the unitegmic ovule would produce anatropous
bitegmic ovules (Delevoryas, 1962; Harris, 1964; H. H. Thomas, 1925). However, there is
little evidence supporting the fusion of the cupule with the ovule giving rise to the outer
integument of angiosperms.
Independently of how angiosperm ovules evolved, in extant angiosperms as the ovule
enlarges and the embryo begins to develop, the integuments undergo pronounced changes,
the inner integument is usually reduced, and the outer integument enlarges and becomes the
seed coat. When vascular bundles occur in the integuments, they are usually restricted to
the outer integument and very rarely, do they occur in the inner integument (i.e Ricinus
communis and Jatropha integerrima). In Arabidopsis thaliana, Brassicales) the seed coat is
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composed of five cell layers: the inner integument with three cell layers and the outer
integument with two cell layers; each of these layers follows a distinct fate during seed
development (Figueiredo and Köhler, 2014; Haughn and Chaudhury, 2005; Radchuk and
Borisjuk, 2014). In the inner integument, the biosynthesis of tannins occurs in its innermost
layer, the endothelium (Lepiniec et al., 2006) and the two outer layers of the inner
integument undergo programmed cell death and collapse (Nakaune et al., 2005). In the outer
integument, the outermost layer constitutes the epidermis, which accumulates polysaccharide
mucilage allowing the absorption of water before the seed germinates (G. Haughn and
Western, 2012) while the cell layer under the epidermis has thick cell walls (Haughn and
Chaudhury, 2005).
In some species, the aril also contributes to the seed coat. In Angiosperms, the aril may
develop from different regions of the ovule: from the base at the chalazal end, from the
funiculus or from the integuments. Interestingly, arils are characteristic of tropical species
rather than temperate ones (Eames, 1961). Another structure that contributes to the seed
coat in some species is the caruncle; a smaller fleshy strucure. The aril and the caruncle
seem to represent a specialization of the ovule ensuring the dispersal of the seed by animals.

1.5.1

Early diverging angiosperms

Amborella trichopoda (Amborellales, ANA grade), considered as the earliest diverging
angiosperm and in some Nymphaeaceae (Nymphaeales, ANA grade) the ovules have an
orthotropous orientation suggesting that the outer integument does not have asymmetric
growth (Figure 1.1e; Endress and Igersheim, 2000; A. D. J. Meeuse and F. Bouman, 1974;
D. W. Taylor, 1991; T. Yamada, Tobe, et al., 2001). Structural studies in Cabombaceae and
Hydatellaceae (Nymphaeales), in Piperales (Figure 1.5a) and in Chloranthales, show that the
inner integument is usually composed of 2-3 cell layers and the outer integument is composed
of more than two cell layers with few exceptions where it is thinner (Endress and Igersheim,
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1997, 2000; Igersheim and Endress, 1997, 1998). Usually the inner integument forms the
micropyle, however, in Hydatellaceae (Nymphaeales), in Trimeniaceae, Calycanthaceae and
Monimiaceae (Laurales), in Magnoliaceae and Canelacaeae (Magnoliales; Figure 1.5b-c) and
in some Chloranthales, the outer integument also contributes to the formation of micropyle
(Endress and Igersheim, 1997; Igersheim and Endress, 1997, 1998).

1.5.2

Monocots

A large group of plants most often herbaceous but some, like palms, pandanus and bamboos
can reach great heights (reviewed in D. Soltis et al., 2018). While in some Alismatales only
one integument is present (Bouman, 1984; Igersheim, Buzgo, et al., 2001), in Zingiberales
and especially in Asparagales and Liliales there are two, both formed of two thick cell layers
but, the outer integument is thicker and the micropyle is mainly formed by the inner
integument. However, in the Poales, it is often formed by two integuments (see Endress,
2011). In Poaceae (Figure 1.5d-h), the outer integument fuses with the inner wall of the
ovary to form the distinctive fruit of the grasses, known as a caryopsis (reviewed in D. Soltis
et al., 2018). According to studies carried out on the model species Zea mays (Figure 1.5d-e)
and Sorghum bicolor, it appears that the fruit is derived from the wall of the ovary and
adheres to the seed coat formed from the integuments of the ovule (Dermastia et al., 2009);
some studies have focused on seed coat development. In orchids and some epiphytes seed
coat formed of a single layer of cells is prevalent (Esau, 1965).

1.5.3

Eudicots

The largest angiosperm lineage has a clear synapomorphy: pollen with three apertures
(Doyle and Hotton, 1991). There are five orders that constitute the early diverging eudicots,
the rest are divided into two main groups: rosids and asterids (Chase et al., 2016). Early
diverging eudicots and rosids are mostly bitegmic and most asterids are unitegmic. In ovules
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with two integuments, the outer one is usually massive and exhibits asymmetrical growth
extending beyond the inner one (Eames, 1961; Endress, 2011; Endress and Igersheim, 2000).
In some cases, such as in the Proteaceae (Proteales) and in some Cactaceae (Caryophyllales),
the inner integument extends over the outer integument. However, in members of Sabiales,
Ranunculales (Figure 1.5i-l), Cucurbitales (Figure 3m) and Fagales only one integument is
present. In ovules with a single integument, it is mostly massive (Eames, 1961; Endress,
2011; Lora et al., 2015; McAbee, Kuzoff, et al., 2005).
Within rosids, the seeds of Malvales have differentiated the exotegmen in a palisade layer.
In this order, cotton seeds have elongations of the epidermis resulting in hairs, which will
then be used as fibers (Corner, 1976; Esau, 1965; Nandi, 1998; D. Soltis et al., 2018). In
Fabales (Figure 1.5n-o), the hard legume seeds, maintain a high degree of desiccation
tolerance due to the impermeable seed coat, which seems to be given by microfibrils in
transverse orientation, unlike cells longitudinally oriented in the seed wall (Scott et al., 1962),
and the valvular action of the hilum (Hyde, 1954). The hilum, can be defined as a scar on
the seed coat with a fissure that opens when the outside air is dry and closes when the
outside air is moist (Esau, 1965).
The development of the integument in the Celestraceae family, has been historically
described as having an aril, however, developmental studies have noted that the fleshy
structure develops from the micropyle suggesting that it may be a caruncle (Savinov, 2006;
X. Zhang et al., 2011; Zu et al., 2017). Also having arils are members of the Passifloraceae
family, mainly neotropical, with seeds characterized by a mucilaginous or aqueous acidic
pulp, forming a saccate aril, covering each of the numerous seeds (Cervi, 1997; Dhawan et al.,
2004). Ontogenetic studies in Passiflora are not precise as to whether the aril develops from
the funiculus, hilum or micropyle (Corner, 1976; Dathan and D. Singh, 1973; Kratzer, 1918;
Raju, 1956; Silveira et al., 2016).
Among the Asterids only the members of Berberidopsidales and the Caryophyllales have
ovules with two integuments (Endress, 2010). The order Santalales shows an extreme
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reduction in ovules (R. H. Brown et al., 2010; Endress and Igersheim, 1999; Z.-F. Wang and
Ren, 2008). The early diverging family within the order, Olacaceae, has two integuments
whereas the unitegmic and ategmic ovules appeared later in the evolution of the order in
Santalaceae and Viscaceae. The ategmic species could be interpreted as the result of the loss
of integuments or as the congenital fusion of the integuments with the nucellus (R. H. Brown
et al., 2010). Some members of Viscaceae, have been interpreted as having embryo sacs in
highly reduced ategmic ovules, as the result of a failure in the development of the ovule or
the development of ovular tissue within the placenta (Billings, 1933; R. H. Brown et al.,
2010). Within Solanaceae, the tomato seed has a unique integument. As the seed develops,
the integument completely fuses with the embryo sac after its wall break. The seed coat is
formed only by the epidermal cells of the integument and the epidermal cell wall of the cells
begins to enlarge, forming hair-like extensions of mucilaginous cells (Atanassova et al., 2004;
Esau, 1965; Netolitzky, 1926).

1.6

Genetic basis of the integument – seed coat development

The development of the seed coat involves a complex molecular circuitry including
transcription factors mediating integument initiation and identity (Baker et al., 1997; Elliott
et al., 1996; Skinner, Hill, et al., 2004). There are a number of studies on gene expression
and functional characterization, mainly focused on the model species Arabidopsis thaliana
(Colombo et al., 2008). As genetic studies of the seed coat in gymnosperms are rare, this
review highlights, mainly, the genes directly involved in the proper development of the seed
coat, from initiation to identity in angiosperms (Figure 1.6).

1.6.1

Integument initiation genes

Resulting from a duplication event that occurred before the diversification of seed plants, the
WUSCHEL (WUS ) gene (Nardmann, Reisewitz, et al., 2009; C.-C. Wu et al., 2019), belongs
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to the T3WOX superclade of the large family of WUSCHEL-RELATED HOMEMOBOX
(WOX ) transcription factors which share a DNA-binding homeodomain (HD) (Gehring
et al., 1990; C.-C. Wu et al., 2019). In Arabidopsis, WUS is required for the proper
establishment of the chalaza, the distal region of the ovule, and to induce the formation of
the integuments; the expression of WUS is restricted to the nucellus (Figure 1.6a), activating
a downstream signal that derives from the nucellus and induces organ initiation in the
adjacent chalazal cells; wus mutants do not develop integuments (Groß-Hardt et al., 2002;
Sieber et al., 2004). WUS is involved in multiple plant developmental processes, in fact, the
effect of WUS activity is not in the cells where it is expressed but, forming a short-range
signaling module repeatedly during plant development (Colombo et al., 2008; Groß-Hardt
et al., 2002). WUS is required for the maintenance of stem cells, wus mutant results in the
failure of self-maintenance of the shoot and floral meristems (Laux et al., 1996). However,
maintaining the integrity of the meristem during repetitive organ formation, cell proliferation
and organ initiation must be precisely coordinated (Clark et al., 1997; Meyerowitz, 1997).
WUS and CLAVATA1, 2 and 3 (CLV ) genes, promote organ initiation and form a signaling
pathway. Thus the CLV and WUS genes establish a feedback loop in which WUS is
sufficient to induce the expression of CLV3 which encodes a putative ligand of the CLV
signaling pathway by which the stem cells signal back and restrict the WUS expression
domain to the quiescent center (Brand et al., 2000; Schoof et al., 2000; Somssich et al., 2016).
WUS acts in the same circuitry by maintaining the integrity of the floral meristem, early
during flower development, but later, it seems to contribute to the expression of its own
repressor AGAMOUS (AG), which is required to repress WUS to terminate floral meristem
activity (Lenhard et al., 2001; Lohmann et al., 2001).
WUS homologs have been studied in other model species such as in petunia where it is
known as TERMINATOR (Stuurman et al., 2002); in Antirrhinum as ROSULATA (Kieffer
et al., 2006); and in tomato it is known as SlWUS (Sicard et al., 2008). All these homologs
show the same expression patterns as in Arabidopsis and participate in ensuring the
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maintenance of stem cells (Kieffer et al., 2006; Reinhardt et al., 2003; Sicard et al., 2008;
Stuurman et al., 2002). In Zea mays (maize) there are two homologs ZmWUS and ZmWUS2
(Nardmann and Werr, 2006) and, the WUS homolog in Oryza sativa (rice) is known as
TILLERS ABSENT1 or OsWUS (Tanaka et al., 2015); WUS homologs in grasses are
essential to initiate the development of the axillary meristem and have the same expression
patterns as CLV1 in floral meristems (Nardmann and Werr, 2006; Tanaka et al., 2015). This
suggests that WUS in monocots exhibit major changes compared to those in eudicots. In
gymnosperms the Gnetum homolog known as GgWUS/WOX5, shows expression patterns
similar to those in monocots, in the region of the shoot apical meristem where the lateral
organs will develop but also in the nucellus, similar to that in the Arabidopsis ovules
(Nardmann, Reisewitz, et al., 2009). In the fern Ceratopteris richardii, CrWOXB a
WUS-RELATED homeobox, functions to promote cell divisions in the generation of
gametophytes and organ development in the generation of sporophytes (Youngstrom et al.,
2019).
AINTEGUMENTA (ANT ) is a plant-specific gene member of the transcription factor
family APETALA2/ETHYLENE-RESPONSIVE ELEMENT-BINDING FACTOR
(AP2/ERF ) that share two DNA-binding domains of approximately 70 amino acids called
the AP2 repeat (Kim et al., 2006; Nole-Wilson and Krizek, 2000). During ovule development
ANT plays a role in proper formation of the integument. In Arabidopsis, the ant mutants,
which exhibit the same phenotype as the wus mutants, do not develop integuments but in
this case, it results from a failure in integument primordia formation rather than ther than a
failure in the formation of the chalazal region (Figure 1.6a Baker et al., 1997; Elliott et al.,
1996; Gasser, Broadhvest, et al., 1998; Klucher et al., 1996). In flower development,
mutations in ANT cause a decrease in the number of floral organs and alterations in the
appearance of all floral organs. It also appears to be a positive regulator of the petal cell
type, by repression of the AGAMOUS carpel identity gene (AG; Baker et al., 1997; Elliott
et al., 1996; Klucher et al., 1996; Krizek, Prost, et al., 2000). Moreover, the functions of
Page 23

Chapter 1

ANT in plant development, including ovule, floral organs as well as shoot and leaves, are the
result of its control over cell proliferation, during organogenesis, which affects initiation,
growth and intrinsic organ size (Mizukami and Fischer, 2000).
ANT homologs have been identified and functionally tested in other species, such as
Petunia x hybrida, Antirrhinum majus (Manchado-Rojo et al., 2014) and Malus domestica
(Dash and Malladi, 2012), suggesting that its function during ovule and leaf development is
likely conserved among core eudicots. Expression analyses in the gymnosperms: Pinus
thumbergii, PtANTL1, and Gnetum parvifolium, GpANTL1, suggest conserved roles as each
have been found expressed in the integument primordia (T. Yamada, Hirayama, et al., 2008).
In the fern Ceratopteris richardii, CerANT, is expressed in the sperm, in the archegonial
neck canal, just before fertilization and in the fertilized egg. In addition, the overexpression
of CerANT promotes apogamy, the fusion-free reproduction of gametes (Bui et al., 2017).
BELL1 (BEL1 ), belongs to the superclass family of homeodomain proteins with a three
aminoacid loop extension (TALE) connecting the first and the second helices of the
homeodomain. This family of transcription factors is conserved among eukaryotes (Bellaoui
et al., 2001; Bürglin, 1997; Reiser, Modrusan, et al., 1995). BEL1 functions in the proper
development of the integuments, where bel1 mutant causes significant growth in the chalazal
region, showing an asymmetrical fleshy structure at the base of the nucellus but no true
integument is formed. Thus, the BEL1 function, in the development of the integument,
seems to be due to the interaction with the identity dimer of the carpel
AG-SEPATALLATA3 and to the repression of WUS towards the nucellus (Figure 1.6a;
Brambilla et al., 2007). Another interaction, recently proposed to be possibly linked to BEL1
function in the formation of integuments, is the repression of SPOROCYTELESS (SPL),
which is a master regulator of nucellus-forming pathways upregulating PIN-FORMED 1
(PIN1) and WUS (Bencivenga et al., 2012; T. Yamada, Sasaki, Sakata, et al., 2019).
However, SPL repression by BEL1 has only been confirmed qualitatively by expression
analyses (Sieber et al., 2004). BEL1 also regulates developmental rocesses in other parts of
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the plant, including the inflorescence meristem and emerging floral apices (Reiser, Modrusan,
et al., 1995). In addition, BEL1 forms heterodimers with KNOX proteins establishing a
boundary between the apical and basal portions of the young floral primordium. However,
this interaction is not required at the beginning of flower development, which can be
explained by redundancy with other BLH genes (BEL1-like homeobox; Bellaoui et al., 2001).
In the absence of SHOOT MERISTEMLESS and ASYMMETRIC LEAVES1, BEL1 is
required for the maintenance of stem cells (Byrne et al., 2003). Furthermore, BEL1 functions,
during plant development, seems to be strongly linked to proper lateral organ formation,
similar to the function of other BLH genes (Byrne et al., 2003; M. Khan et al., 2015).
Outside Arabidopsis, expression analyses in the Malus domestica BEL1 homolog, known
as MDH1, suggest that its function in ovule development is conserved (Dong et al., 2000). In
monocots, two BEL1 homologs have been identified in Hordeum: JUBEL1 and 2 showing
expression in the meristematic tissues and the ovule primordia (Müller et al., 2001). BEL1
homologs have not been characterized in gymnosperms or ferns; but functional studies in the
moss Physcomitrella patens, PpBELL1, show that it is a master regulator of the
gametophyte- sporophyte transition (Horst et al., 2016).
INNER NO OUTER (INO) belongs to a small gene family called YABBY which seems to
be specific to seed plants (Bowman, 2000; Bowman and Smyth, 1999; Floyd and Bowman,
2007). In fact INO is angiosperm specific as the result of multiple duplication events that
occurred previous to their diversification giving rise to five different YABBY clades (Figure
1.6a; Bowman, 2000). The YABBY transcription factors are composed of an N-terminal zinc
finger domain and a C-terminal helix-loop-helix motif similar to a high mobility group
(HMG) box, the latter motif also known as the YABBY domain (Bowman and Smyth 1999).
In Arabidopsis, INO is functionally restricted to the proper development of the outer
integument. The mutant ino lacks an outer integument (Baker et al., 1997; Siegfried et al.,
1999; Villanueva et al., 1999). The INO expression has also been described as conserved in
Nicotiana benthamiana (Skinner, R. H. Brown, et al., 2016) and in species of Impatiens
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(McAbee, Kuzoff, et al., 2005).
However, INO is also expressed in species with a single integument, such as Solanum
lycopersicum and Impatiens niamniamensis (McAbee, Kuzoff, et al., 2005; Skinner,
R. H. Brown, et al., 2016). The expression of INO, in the early diverging angiosperm
Nymphea alba, NaINO, is restricted to the outer epidermis of the outer integument similar to
that of INO, showing the adaxial-abaxial polarity of the outer integument (Balasubramanian
and Schneitz, 2002; Meister, Kotow, et al., 2002; T. Yamada, Ito, et al., 2003). The
conservation of expression patterns between two distantly related angiosperms, such as
Amborella trichopoda and Arabidopsis, suggests that its function in the development of the
outer integument is conserved in all angiosperms (Arnault et al., 2018; T. Yamada, Ito, et al.,
2003).

1.6.2

Integument planar identity genes

Once the integuments are initiated, the planar identity of the integument is controlled by
another set of genes (Figure 1.6b) members of the large families of transcription factors
KANADI (KAN ) and Class III HD-ZIP (C3HDZ ) known to determine the polarity of the
lateral organs by regulating a common set of direct target genes, many of which are linked to
auxin signaling (Huang et al., 2014; Izhaki and Bowman, 2007; Kerstetter et al., 2001;
Reinhart et al., 2013). Its planar polarity function is also maintained in the integuments.
KANADI genes constitute a subset of the large GARP family of transcription factors
present in all eukariotes, characterized by the plant specific GARP DNA binding domain
(Hosoda et al., 2002; Riechmann et al., 2000). ABERRANT TESTA SHAPE (ATS ) also
known as KANADI 4, is expressed at the boundary between the outer and inner integument.
The ats mutant shows the two integuments fused, indicating that ATS is involved in the
abaxial polarity of the inner integument allowing, at the same time, a proper separation of
the two integuments (Kelley, Arreola, et al., 2012; Leon-Kloosterziel et al., 1994; McAbee,
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Hill, et al., 2006). In Arabidopsis, there are four KANADI (KAN ) paralogs, KAN1 to 4
(McAbee, Hill, et al., 2006), among which KAN1 and KAN2, also play a role in the
development of the integument, determining the abaxial polarity of the outer integument
(Figure 1.6b; Bowman, Eshed, et al., 2002; Eshed, Izhaki, et al., 2004; Kerstetter et al., 2001;
McAbee, Hill, et al., 2006).
Furthermore, KAN genes, specifically KAN1 and 2, are well known for their function
which establishes the abaxial identity of the leaves (Eshed, Baum, et al., 1999; Eshed, Izhaki,
et al., 2004; Kerstetter et al., 2001; McConnell and Barton, 1998; Pekker et al., 2005;
Sessions et al., 1997). KAN homologs have been functionally characterized in the monocots
such as in Zea mays, known as Milkweed pod1 (Candela et al., 2008), and in Oryza sativa
known as SHALLOT-LIKE1 (G.-H. Zhang et al., 2009). The two orthologs show conserved
function in the proper establishment of the abaxial side of the leaf (Candela et al., 2008;
G.-H. Zhang et al., 2009). In addition, expression studies in ferns and lycophytes suggest
that the leaf polarity function of these genes may be conserved in ferns but not in lycophytes
where KAN homologs are expressed in the development of sporangium (Zumajo-Cardona,
Vasco, et al., 2019).
Class III leucine zipper (C3HDZ ) homeodomain genes are part of the homeobox
transcription factor superfamily, characterized by a DNA-binding homeodomain (HD)
followed by a leucine zipper (LZ) domain, required for intra-class dimerization and DNA
binding (Ariel et al., 2007). The members of the C3HDZ: CORONA (CNA), PHABULOSA
(PHB ), PHAVOLUTA (PHV ) and REVOLUTA (REV ) act redundantly by establishing the
adaxial identity of the inner integument (Kelley, Skinner, et al., 2009; Sieber et al., 2004)
while REV determines the adaxial identity in the outer integument (Sieber et al., 2004). In
addition, CNA, PHB and PHV act in conjunction with BEL1 to maintain the nucellus
development genes restricted to the nucellus (i.e. WUSCHEL; T. Yamada, Sasaki,
Hashimoto, et al., 2016). C3HDZs also play a role in vascular and meristem development
and are well known for specifying the identity of the adaxial side of leaves in angiosperms
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(Baima et al., 2001; Emery et al., 2003; McConnell and Barton, 1998; Ohashi-Ito and
Fukuda, 2003; Otsuga et al., 2001; Prigge and Clark, 2006; Talbert et al., 1995). During leaf
development, the C3HDZs are regulated by ASYMMETRIC LEAVES 1 and 2 (Byrne et al.,
2003; Xu et al., 2003). In fact, bilateral leaf symmetry seems to be controlled by a complex
regulatory network which requires the joint action of the KAN genes in the abaxial side of
the leaf and the C3HDZ genes in the adaxial side of the leaf (Emery et al., 2003). Outside
Arabidopsis, expression and functional analyses in the development of ovule are scarce.
However, studies in the early diverging angiosperm, Amborella trichopoda suggest that the
roles of KAN and C3HDZ genes in abaxial-adaxial specification are maintained across
angiosperm ovules (Figure 1.6b; Arnault et al., 2018). The expression of the C3HDZ
homologs in ferns is conserved in the adaxial side of the leaf and also during the initiation of
the leaves and of the sporangium (primordia) in lycophytes and ferns, which suggests that
C3HDZs may have an ancestral role in sporangium development (Vasco et al., 2016).
UNICORN (UCN ) encodes a functional AGC VIII kinase (Enugutti, Kirchhelle, Oelschner,
et al., 2012). UCN also acts in determining the planar identity of the integuments (Figure
1.6b), and it seems to be functionally restricted to the outer integument. ucn mutants show
multicellular protrusions, also described as extra-integuments which develop from the outer
integument (Enugutti, Kirchhelle, Oelschner, et al., 2012; Enugutti, Kirchhelle, and Schneitz,
2013; Schneitz et al., 1997). UCN appears to be implicated in planar growth in other plant
organs such as petals (Enugutti, Kirchhelle, Oelschner, et al., 2012). UCN suppresses the
ectopic growth of integuments through two independent processes. Thus, by attenuating the
protein kinase 3-PHOSPHOINOSITIDE-DEPENDENT PROTEIN KINASE 1 (PDK1 ) in
the cytoplasm, which is implicated in the stress response, and on the other hand, promoting
growth (Flynn et al., 2000) and repressing the transcription factor ATS in the nucleus
(Scholz et al., 2019). This gene has not been studied outside Arabidopsis.
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1.6.3

Integument growth genes

Once the integument identity is established, the growth of integument, is determined more
by cell elongation rather than cell divisions (Figure 1.6c; Figueiredo, Batista, et al., 2016).
At this point, two genes appear to have a very important role: SHORT INTEGUMENTS 1
and SUPERMAN. In Arabidopsis, SHORT INTEGUMENTS 1 (SIN1 ) is involved in the
proper growth of the integuments, and in plant growth in general (Lang et al., 1994; Ray,
Lang, et al., 1996). sin1 mutants have integuments which fail to elongate leaving the
nucellus exposed (Golden et al., 2002). In Arabidopsis, SUPERMAN (SUP ), also known as
FLORAL MUTANT 10, is responsible for suppressing the growth of the outer integument
(Bowman, Sakai, et al., 1992; Gaiser et al., 1995). The sup mutants have ovules with a long
outer integument which do not have an anatropous orientation, by SUP attenuation of the
positive self-regulation INO, which also helps maintain polar development in the outer
integument (Meister, Kotow, et al., 2002).
During its development, seed growth is determined by the seed coat and by the endosperm
and embryo, both results of the fertilization process. The development of the endosperm is
required for the initiation of seed coat growth, thus, a cross-talk between the endosperm and
the seed coat is necessary and it is a bidirectional process (Figueiredo and Köhler, 2014;
Roszak and Köhler, 2011). The HAIKU pathway genes (IKU1, IKU2 and MINI3 ) are
involved in the development of endosperm and affect the growth of the seed coat (Garcia,
Saingery, et al., 2003; Luo et al., 2005; A. Wang et al., 2010). On the other hand,
TRANSPARENT TESTA GLABRA2 (TTG2 ) is involved in cell elongation in the seed coat
(Figueiredo and Köhler, 2014; Garcia, Gerald, et al., 2005; Radchuk and Borisjuk, 2014).
In Summary, many genes that play a role in seed development are also involved in multiple
other developmental processes in angiosperms (i.e. Baima et al., 2001; Bellaoui et al., 2001;
Enugutti, Kirchhelle, Oelschner, et al., 2012; Laux et al., 1996; Mizukami and Fischer, 2000).
Some of them have been characterized in Physcomitrella pattens (moss), as well as
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lycophytes and ferns where they are mainly involved in sporangia development (i.e. Bui
et al., 2017; Horst et al., 2016; Vasco et al., 2016; Youngstrom et al., 2019; Zumajo-Cardona,
Vasco, et al., 2019) which suggests that sporangia development is the ancestral function of
these genes. On the other hand, very few studies have been performed in gymnosperms (i.e.
Nardmann, Reisewitz, et al., 2009; T. Yamada, Hirayama, et al., 2008), making it difficult to
fully understand the evolutionary history of these gene lineages.

1.7

Future studies and Perspectives of this research

The importance of the seed for plant development and survival to harsh conditions is not
debated, however, its origin and development still is, there are multiple morphological
changes that took place even before the appearance of the seed (in early vascular plants)
that are key for the subsequent evolution of the seed; additionally, there are three main
hypotheses that still remain plausible to explain the origin of this structure, one of the
synapomorphies of all seed plants (Figure 1.2). This review, far from being exhaustive, on
the morphoanatomy of the seed, of seed plants, highlights the enormous variety of seed coat
morphologies and its development. It also gives an overview on certain genes, mainly studied
in angiosperms, which play an important role in its development.
Knowing that the seed constitutes one of the greatest evolutionary leaps of land plants, a
glimpse inside the richness of the structures that composes the seed, among them, the seed
coat, reflects the variety of strategies developed by land plants to protect the embryo from
the stress of the external environment, positively impacting its dormancy and longevity
(Neumann and Hay, 2020); a remarkable panoply of strategies which also involves facilitating
fertilization seed dispersal and ultimately ensuring the germination of the seed. Controlled
by an intricate network of transcription factors, microRNAs and hormones, the development
of the seed coat is genetically complex. The follow-up of the genetic studies relating to the
development of the seed coat, have been focused on model species Arabidopsis thaliana and
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on other angiosperms, many of which are considered to be economically important.
Expanding the study of these genes in gymnosperms and comparing them to what is known
across land plants (Arnault et al., 2018; Colombo et al., 2008), would provide insightful
information about the genetic network involved in the formation of this structure in the
different seed plants lineages and therefore, a better understanding of the evolution of the
seed itself.
Consequently, this research will be approached from two different perspectives, with
specific aims. First, to determine whether the integument developmental network identified
for Arabidopsis thaliana is conserved among seed plants, by enlarging the sampling of the
candidate genes across seed plants. To strengthen this study, spatiotemporal expression
analyses will be carried out in the gymnosperms Ginkgo biloba and Gnetum gnemon allowing
me to fill the gap in our understanding of the evolution of these genes (Figure 1.7a-b). And
second, to identify differentially expressed genes that are potentially involved in seed coat
development in different gymnosperm species thus, analyses of the transcriptome data will
be focused on the seed coat of each species, such as in the integument of Ginkgo biloba, the
bracts of Ephedra antisyphilitica and Ephedra californica (Figure 1.7c-d) and in the aril of
Taxus baccata (Figure 1.7e). This project will combine what is known from the fossil record,
with thorough morpho-anatomical descriptions of the seeds from the species of interest,
developmental genetics and transcriptome analyses, allowing us to have a broader
understanding of the evolution and origin of the seed.

1.7.1

Publications

Chapter 2 resulted two publications:
Zumajo-Cardona, C., and Ambrose, B. A. (2021). Deciphering the evolution of the ovule
genetic network through expression analyses in Gnetum gnemon. Submitted to Annals of
botany.
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Zumajo-Cardona, C., and Ambrose, B. A. (2020). Phylogenetic analyses of key
developmental genes provide insight into the complex evolution of seeds. Molecular
phylogenetics and evolution, 147, 106778.
Chapter 3 corresponds to a manuscript in preparation for the journal Current Biology:
Zumajo-Cardona, C., Little, D., and Ambrose, B. A. Expression and transcriptome
analyses in Ginkgo biloba give insight into the origin and evolution of the seed.
Manuscripts corresponding to Chapters 4 & 5 as presented here, are currently in
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Figure 1.2: Three major hypotheses for ovule development. a Representation of the steps
that may have taken place for the fusion of the telomes around the sporangium forming the
integument. b Representation showing the steps that may have taken place for a de novo
origin of the integument. c Representation of the evolution of the integument due to fusion
of synangia.
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Figure 1.3: Diversity of sporangia in selected ferns. a-c synangia on the abaxial side of the
leaf of members of the marattiaceae family. a Angiopteris evecta. b Marattia attenuata.
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Figure 1.4: Diversity of seed morphologies in selected gymnosperms. a Zamia furfuraceae
(Cycadales). b Ginkgo biloba (Ginkoales). c Taxus baccata (Taxaceae). d Welwitschia
mirabilis (Gnetales). e-f Ephedra species (Gnetales). g Gnetum gnemon (Gnetales). ar, aril;
i, integument; oe, outer envelope. Scales: 2mm (a-g).
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Figure 1.5: Diversity of seed morphologies in selected angiosperms.
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Figure 1.6: Genes involved in ovule development, showing the regions where they are
expressed. a integument initiation genes: WUSCHEL (WUS ), AINTEGUMENTA (ANT ),
BELL1 (BEL1 ), INNER NO OUTER (INO). b Integument planar identity genes: ABERRANT TESTA SHAPE (ATS ), KANADI 1 and 2 (KAN1/2 ), Class III HD-Zips (C3HDZ ),
UNICORN (UCN ). c Integument elongation genes: SHORT INTEGUMENTS 1 (SIN1 ),
SUPERMAN (SUP ).
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Figure 1.7: On the left, representation of the evolution of gymnosperms with
drawings showing the reproductive structures of each lineage, the stars on the
cladogram point to lineages where fleshy seeds evolved. On the right (a-e), photographs of
the ovules of interest for this study a Ginkgo biloba. b Gnetum gnemon. c Ephedra
antisyphilitica. d Ephedra californica. e Taxus baccata.
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Ovule development candidate genes in gymnosperms

2.1

Introduction

To address the question on the origin and evolution of the integument, it is important to
focus on the genes involved both in the initiation of the integument and in its proper
development (See chapter 1 section 1.6). These genes have been separated into three groups
according to the function they perform in the ovules of Arabidopsis thaliana (Arabidopsis):
integument initiation, integument polarity (planar identity) or integument growth (Baker
et al., 1997; Colombo et al., 2008; Gasser, Broadhvest, et al., 1998).
In Arabidopsis WUSCHEL (WUS ) is expressed in the nucellus, and plays a role in
integument formation. The wus mutants do not develop integuments (Figure 2.1a;
Groß-Hardt et al., 2002; Sieber et al., 2004). WUS is a gene that belongs to the T3WOX
superclade of the large family of WUSCHEL-RELATED HOMEMOBOX (WOX ). The
evolution of this gene lineage has been extensively assessed in land plants, determining that
WUS is a clade resulting from a duplication event that coincided with the diversification of
seed plants (Gehring et al., 1990; Nardmann, Reisewitz, et al., 2009; C.-C. Wu et al., 2019).
AINTEGUMENTA (ANT ) gene plays a role in the proper formation of the integument
where it is expressed. The ant mutants, similar to the wus mutant, do not develop
integuments (Baker et al., 1997; Elliott et al., 1996; Gasser, Broadhvest, et al., 1998; Klucher
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Figure 2.1: Schematic representation of the Arabidopsis ovule at three different stages
showing the expression of the genes involved in integument development and the corresponding
mutant. a Expression of WUS and wus mutant without integuments, according to (GroßHardt et al., 2002). b Expression of ANT and ant mutant without integuments, according
to (Elliott et al., 1996). c Expression of BEL1 and bel1 mutant with amorphous structure
instead of integuments, according to Reiser et al. 1995; Bencivenga et al. 2012. d INO
expression and ino mutant with no outer integument (Meister, Williams, et al., 2004). e
The expression of KAN1 and 2 and kan1/2 double mutant showing the absence of the outer
integument (McAbee, Hill, et al., 2006). f ATS expression, the ats mutant does not have any
separation between the two integuments (McAbee, Hill, et al., 2006). g Expression of UCN,
the ucn mutant shows overgrowth in the outer integument (Enugutti, Kirchhelle, Oelschner,
et al., 2012). h SIN1 expression; sin1 mutant integuments do not elongate (Golden et al.,
2002). Asterisk, fleshy a morphous s tructure; b lack a rrowhead, nucellus; i i, i nner integument;
oi, outer integument.
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et al., 1996, Figure 2.1b, ). ANT is a plant-specific gene, member of the APETALA2 /
ETHYLENE RESPONSIBLE ELEMENT BINDING FACTOR (AP2 / ERF ) transcription
factor superfamily. ANT proteins are characterized by two AP2 domains, called AP2R1 and
AP2R2, in the AP2R1 domain there is an insertion of 10 amino acids (aa) known as the
euANT1 motif. In addition, towards the N-terminus of the protein, there are two conserved
motifs: euANT2 and euANT3. The evolutionary history of the AP2 / ERF superfamily has
been studied on a large scale, but the exact origin of the ANT clade during plant evolution
is not yet clear (Kim et al., 2006; Nole-Wilson and Krizek, 2000).
BELL1 (BEL1 ) is also involved in integument initiation. The bel1 mutant shows significant
growth in the chalazal region where an amorphous structure develops instead of integuments
(Figure 2.1c; Brambilla et al., 2007; Modrusan et al., 1994; Ray, Robinson-Beers, et al., 1994;
Reiser, Modrusan, et al., 1995; Robinson-Beers et al., 1992). BEL1 belongs to the Three
Amino acid Loop Extension (TALE) class of Homeodomain proteins with the TALE motif
located within the triple helix of the Homeodomain. However, the BELL group (or
BELL-like Homeodomain; BLH) is distinguished from other TALE-HD proteins by a ZIBEL
motif (Becker, Bey, et al., 2002; Bürglin, 1997; Kumar et al., 2007) Kumar et al., 2007;
Mukherjee et al., 2009). In addition to integument initiation, BEL1 activates INNER NO
OUTER (INO Colombo et al., 2008; Meister, Williams, et al., 2004) which belongs to the
YABBY gene family (Bowman, 2000; Bowman and Smyth, 1999; Floyd and Bowman, 2007).
Phylogenetic analyses for the YABBY gene family indicated that INO is angiosperm specific
(Bartholmes et al., 2011; Bowman, 2000; Floyd and Bowman, 2007). INO is functionally
restricted to the proper development of the outer integument, Arabidopsis ino mutants lack
an outer integument (Figure 2.1d; Baker et al., 1997; Siegfried et al., 1999; Villanueva et al.,
1999; Zumajo-Cardona and Ambrose, 2020).
Once the development of both integuments is initiated, ABERRANT TESTA SHAPE (ATS,
also known as KANADI 4 ) is involved in the development of the inner integument and the
separation layer between the two integuments (Leon-Kloosterziel et al., 1994; McAbee, Hill,
Page 41

Chapter 2

et al., 2006). ATS belongs to the GARP gene family (McAbee, Hill, et al., 2006;
G.-H. Zhang et al., 2009). In Arabidopsis, there are four KANADI (KAN ) paralogues,
KAN1 to 4. KAN1 and KAN2, also play a role in integument development, determining
proper polarity of the outer integument (Figure 2.1e,f; Bowman, Eshed, et al., 2002;
Kerstetter et al., 2001; McAbee, Hill, et al., 2006). Phylogenetic analyses assessing the
evolution of the KANADI gene lineage have shown that homologs are present across vascular
plants, but the exact origin of the ATS clade is still unclear (Zumajo-Cardona, Vasco, et al.,
2019). UNICORN (UCN) encodes an AGC VIII protein kinase, which maintains planar
growth of the integuments by directly repressing ATS (Enugutti, Kirchhelle, Oelschner,
et al., 2012; Enugutti, Kirchhelle, and Schneitz, 2013). Phylogenetic analyses have shown
that these proteins are present across land plants (Figure 2.1g; Galván-Ampudia and
Offringa, 2007). Once the identity of the integument is established, SHORT
INTEGUMENTS1 (SIN1 ), also known as DICER LIKE-1, play a role in the proper cell
elongation of the integuments and in plant growth generally (Lang et al., 1994; Ray, Lang,
et al., 1996). sin1 mutants have integuments that fail to elongate leaving the nucellus
exposed (Figure 2.1h; Golden et al., 2002). Genes involved in the identity of integument
development also seem to have an impact on the proper development of the embryo sac
(Elliott et al., 1996; Klucher et al., 1996; Reiser, Modrusan, et al., 1995). It has been shown
that if the integuments fail to form so does the female gametophyte (Modrusan et al., 1994;
Yang et al., 1999). This cross-talk appears to be maintained during seed development when
seed coat growth also regulates endosperm formation (Figueiredo and Köhler, 2014).
The molecular genetics that underlies ovule development has been extensively described in
Arabidopsis and a few other angiosperms, and even the most recent phylogenies have limited
sampling (Becker, Bey, et al., 2002; Galván-Ampudia and Offringa, 2007; McAbee, Hill,
et al., 2006). Furthermore, no expression or functional studies have been done in early
diverging seed plants, namely gymnosperms. However, there is an enormous morphological
variation of ovules across all seed plants particularly in the number and morphology of the
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integuments (Bouman, 1984; Brenner and Stevenson, 2006; R. H. Brown et al., 2010;
Endress, 2011; Endress and Igersheim, 2000; McAbee, Kuzoff, et al., 2005). Therefore, to
better understand the evolution and development of ovules it is necessary to study the genes
involved in integument initiation and its proper development, such as WUS, ANT, BEL1,
ATS, UCN and SIN1 across vascular plants (see also Zumajo-Cardona and Ambrose, 2020).
Thus, in this chapter are reported: (1) expanded sampling for these gene lineages that have
not been studied across vascular plants, such as ANT, BEL1, ATS, UCN and SIN1 ; (2) the
analysis of coding sequences across seed plant homologs to identify conserved regions
between the pre- and post-duplication homologs that may help predict putative shifts in
protein function; (3) changes in the selection constraints in the different BEL1 and KAN
lineages that may suggest functional differences among clades; and (4) spatiotemporal
expression analyses of homologs identified in the gymnosperms: Ginkgo biloba (i.e WUS,
ANT, BEL1, UCN and Class III HD-Zip’s) and Gnetum gnemon (i.e. ANT, BEL1 and
UCN ). These results make it possible to formulate hypotheses about their impact on the
morphological evolution of ovules among seed plants.

2.2

Methods

2.2.1

Homolog characterization of genes involved during integument development

(see also Zumajo-Cardona and Ambrose, 2020) For each of the gene families, the initial
search was done using the Arabidopsis sequences as queries to perform a BLAST search
(Altschul et al., 1990). Phylogenetic analyses using only Arabidopsis homologs belonging to
the BLH family of transcription factors, show that BEL1 (At5g41410) is sister to BLH2
(At4g36870) and BLH4 (At2g23760; Becker et al. 2002); using those three paralogs as
queries, the search was extended across the major vascular plants lineages (angiosperms,
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gymnosperms, ferns and lycophytes). Previous studies for the KANADI gene family
included limited sampling across seed plants (G.-H. Zhang et al., 2009; Zumajo-Cardona,
Vasco, et al., 2019) therefore, to better understand the evolutionary history of this gene
family we used KAN1, 2, 3 and 4 (At5g16560, At1g32240, At4g17695, At5g42630
respectively) as queries to find homologs in other vascular plants. To perform the BLAST
search for the AGC protein kinase family across seed plants, we used UCN and UCN-like
(At1g51170, At3g20830). Finally, to identify similar DICER-LIKE1 proteins, SIN1 was used
(At1g01040). BLAST searches across angiosperm genomes were done through Phytozome
(Goodstein et al., 2012, https://phytozome.jgi.doe.gov/pz/portal.html). The Phytometasyn
database (https://bioinformatics.tugraz.at/phytometasyn/) was used for finding
transcriptomic sequences from basal eudicots, and the OneKP transcriptome database
(https://db.cngb.org/onekp/) was used to identify sequences from basal angiosperms,
gymnosperms, ferns and lycophytes. Additionally, some gymnosperm sequences were
retrieved using the Gymno PLAZA 1.0 genome database
(https://bioinformatics.psb.ugent.be/plaza/versions/gymno-plaza/). The sampling was
performed with emphasis on seed plants (angiosperms and gymnosperms) but fern and
lycophyte sequences were also included. Physcomitrella, Selaginella sequences and closely
related genes, were used as outgroups (Zumajo-Cardona and Ambrose, 2020).

2.2.2

Identification of conserved motifs across seed plants

To detect reported as well as new conserved motifs, fewer sequences were selected from each
gene lineage, only sequences with an initial methionine and the stop codon were chosen to
run the analysis (see also Zumajo-Cardona and Ambrose, 2020). These analyses were
performed including sequences from seed plants. 57 sequences from the BEL1 lineage were
selected for this analysis, from which 16 are BLH2/4 (angiosperms), 13 are from BEL1
(angiosperms), and the remaining 28 are from gymnosperms. 77 KANADI homologs were
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selected: 8 from KAN1, 7 from KAN2, 4 from KAN3, 8 from ATS (KAN4 ; angiosperms)
and the remaining 50 are from gymnosperms. For the UCN analysis of conserved motifs, 45
sequences were included, from which 18 were from angiosperms and 27 from gymnosperms.
SIN1 analyses included a total of 39 sequences, 23 from angiosperms and 16 from
gymnosperms. The sequences were permanently translated using Aliview (Larsson, 2014)
and subsequently uploaded to the MEME suite (http://meme-suite.org/; Bailey et al., 2015)
and run with all the default options, different numbers of conserved motifs were selected
according to the protein family (Zumajo-Cardona and Ambrose, 2020).

2.2.3

Phylogenetic analyses

Sequences were compiled and kept in the open reading frame using Aliview (see also
Zumajo-Cardona and Ambrose, 2020). The nucleotide sequences were subsequently aligned
with MAFFT (https://mafft.cbrc.jp/alignment/software/; Katoh et al., 2002) with a gap
penalty of 3.0, an offset value of 0.8 and all the default settings. Maximum Likelihood (ML)
phylogenetic analyses using the nucleotide sequences were performed using RaxML-HPC2
BlackBox (Stamatakis et al., 2008) available on the CIPRES Science Gateway portal
(M. A. Miller et al., 2012). The resulting tree was finally observed and edited using FigTree
v1.4.2 (http://tree.bio.ed.ac.uk/software/). To run the analysis for the BEL1 genes a total
of 193 sequences were included in the ingroup, including homologs from BEL1, BLH2 and
BLH4 across vascular plants; REPLUMLESS, also known as BLH9 (At5g02030) was used as
an outgroup as well as a Physcomitrella patens sequence (Pp1s258-6V6.1 from cosmoss.org).
For the KANADI genes, two analyses were completed. The first included 430 sequences from
across vascular plants and Arabidopsis MYB and GARP sequences and three Physcomitrella
patens homologs, were used as an outgroup (At2g42660; At1g14600; Hosoda et al., 2002).
This analysis allowed to determine the relationships between the four KANADI homologs,
but the position of the gymnosperm sequences was not well supported. Hence, a second
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analysis was done including KAN1, 2, 3 and gymnosperm homologs (ingroup: 280sequeces,
the outgroup were fern sequences from Psilotum nudum). The UCN phylogenetic analysis
included 149 sequences, using as outgroup AtOXI1 (At3g25250) another member of the
protein kinase superfamily and a Selaginella willdenowii sequence (Lycophyte;
Zumajo-Cardona and Ambrose, 2020). The SIN1 ingroup included 120 sequences from
across all seed plants, DICER-LIKE4 (At5g20320) and Selaginella apoda were used as
outgroup. The resulting phylogenies are color coded following the major plant group
classification as shown in the top left side of each topology. All angiosperms are shown in the
same color, gymnosperms are color coded by families and in some instances by order (i.e.
Ginkgoales, Cycadales and Gnetales; Zumajo-Cardona and Ambrose, 2020).

2.2.4

Relative rates of evolution

To test for changes in the selection constraints in the duplicates found, I used BEL1 and
KANADI gene lineages because those have relatively long conserved domains for DNA
binding and have undergone multiple duplication events. Contrary to UCN, which has short
functional motifs and SIN1 where no major duplication events have occurred. A series of
Likelihood Ratio Tests (LRTs) using the branch-specific model implemented by the CodeML
program of PAML package v.4.8 was used (Yang 2007). And the one ratio model that
assumes a constant dN/dS ratio (= , per site ratio of nonsynonymous -dN- to synonymous
-dS- substitution) along tree branches (o), was compared against a two-ratio model that
assumes a different ratio for a designated subclade (foreground = f) relative to the remaining
sequences (background = b). The test was implemented in the duplications found in the
BEL1 lineage: gymnoBEL1, 2 and 3 ; and in the KANADI lineage: KAN1,
Brassicaceae-KAN2, Brassicaceae-KAN3, gymnoKAN1/2/3-1 and 2. However, as the
sequences have long spans with difficult alignments, the test was conducted only for
functional domains: BELL-domain, Homeodomain and GARP domain (see also
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Zumajo-Cardona and Ambrose, 2020).

2.2.5

Developmental series of ovules and seeds of Ginkgo biloba and Gnetum
gnemon

Ovules and seeds of Ginkgo biloba were collected from the grounds of the New York
Botanical Garden (parking lot next to the Pfizer laboratory) and fixed in
formaldehyde-acetic acid-ethanol (FAA; 3.7% formaldehyde: 5% glacial acetic acid: 50%
ethanol). Gnetum gnemon young ovules and seeds were collected the Nolen green-houses at
NYBG. The fixed samples were manually dehydrated through an ethanol-histochoice series
and embedded in Paraplast X-tra (Fisher Healthcare, Houston, Texas, USA). The samples
were sectioned at 10–20 µm with an AO Spencer 820 (GMI Inc. Minnesota, USA) rotary
microtome. Sections were stained with Johansen‘s safranin, to identify lignification and
presence of cuticle, and 0.5% Astra Blue (Kraus et al., 1998) and mounted in Permount
(Fisher Scientific, Pittsburgh, Pennsylvania, USA). Sections were viewed and digitally
photographed with a Zeiss Axioplan compound microscope equipped with a Nikon
DXM1200C digital camera with ACT 1 software.

2.2.6

Expression analyses by In situ hybridization (ISH)

Ovules and seeds from Ginkgo biloba and Gnetum gnemon at different developmental stages
were collected, fixed in cold FAA and processed similarly as described above for anatomy
samples. Paraplast X-tra embedded samples were maintained at 4°C until use. Samples were
sectioned with a rotary microtome (Microm HM3555) between 8-10 µm. DNA templates for
RNA probe synthesis were obtained by PCR amplification of 300–370 bp fragments. To
ensure specificity, the probe templates were designed to amplify regions that did not include
the conserved domains of each sequence (supplementary tables A.1- A.2). Fragments were
cleaned using QIAquick PCR purification Kit (Qiagen, Valencia, CA, USA). Digoxigenin
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labeled RNA probes were prepared using T7 RNA polymerase (Roche, Switzerland), murine
RNAse inhibitor (New England Biolabs, Ipswich, MA, USA), and RNA labeling mix (Roche,
Switzerland) according to each manufacturer’s protocol. RNA in situ hybridization was
performed according to Ambrose et al. (2000) and Ferrandiz et al., (2000) optimized to
hybridize overnight at 55°C. In situ hybridized sections were subsequently dehydrated and
permanently mounted in Permount (Fisher, Waltham, MA, USA). All sections were
photographed using a Zeiss Axioplan microscope equipped with a Nikon DXM1200C digital
camera.

2.2.7

Ancestral State reconstruction

In order to have a better assessment of the ancestral state, in terms of expression and
putative function, of the gene lineages for which I achieved a solid phylogeny and expression
analyses, I performed an analysis for ancestral state reconstruction. The trees obtained with
Maximum likelihood (section 2.2.3 ), were imported to Mesquite v3.61
(http://www.mesquiteproject.org; W. Maddison, 2017). Expression patterns were assigned as
vegetative (leaves, microphylls), integument (without making distinction within the two
integuments in angiosperms, as its homology across seed plants is still contested),
megasporangia and microsporangia. Character states with no changes were eliminated from
the analysis. The parsimony reconstruction of ancestral states method was used
(W. Maddison and D. Maddison, 1992).

2.3

Results

2.3.1

euANT gene lineage

The Maximum Likelihood analysis performed with 340 homologs found, shows that the
clades ANT, BABY BOOM, PLETHORA 1/ 2 and AINTEGUMENTA-Like1, are
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angiosperm specific, and gymnosperm sequences obtained appear to be pre-duplication
homologs (Figure 2.2).
An analysis of the protein sequence found that all euANT proteins contain the canonical
AP2R1 and AP2R2 domains as well as the euANT1 motif insertion in the AP2R1 domain
(Kim et al., 2006; supplementary fig. A.1). The euANT2 and euANT3 motifs at the N
terminus of the protein are conserved across all angiosperm clades but are not present in the
gymnosperm sequences, meaning that these belong to the ‘basalANT’ clade sensu Kim et al.,
(2006; supplementary fig. A.1, A.2).
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Figure 2.2: Maximum Likelihood (ML) analysis for euANT homologs across seed plants.
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Figure 2.2 (prev. page) caption continuation: Yellow stars indicate large scale
duplication events. All these events coincide with diversification of angiosperms, forming
clades: ANT-like1, PLETHORA1/2, BABY BOOM, and ANT. Boostrap values >60 are
shown on the corresponding branch. Colors in the tree follow the top left organismal tree.

2.3.2

BEL1 gene lineage

The Maximum Likelihood analysis performed with 193 homologs provided a better
understanding of the evolutionary history of BEL1 gene lineage. In addition to detecting
that BEL1 is angiosperm specific as the result of a duplication event that gave rise also to
its sister lineage BLH2/BLH4, no major duplication events were identified in BEL1 (Figure
2.3). Prior to this duplication are the gymnosperm homologs, which have undergone two
specific duplication events, giving rise to three gymnosperm specific clades. The first clade,
that we called gymnoBEL1, has representatives from Cycadales and Pinales (Pinaceae,
Taxaceae, Cupressaceae, Araucariaceae and Podocarpaceae) sequences. The second clade,
gymnoBEL1-2 also includes Ginkgoales sequences. The third clade, gymnoBEL1-3, has no
Ginkgoales representatives but Gnetales in addition to the Cycadales and Pinales sequences
(Figure 2.3). Fern and lycophyte homologs are present before the diversification of the BEL1
lineage in seed plants, with no major duplication events, but a few taxon-specific
duplications were detected in Azolla caroliniana, Pteris ensiformis and Huperzia selago.
Furthermore, within the Brassicaceae family, BLH2 and BLH4 are the result of a
duplication event that occurred previous to its diversification (Figure 2.3).
The protein sequences were analyzed across seed plants and found that all the proteins
contain the characteristic domains of a BLH such as the Homeodomain, BELL domain, SKY
motif as well as two ZIBEL motifs (Mukherjee et al., 2009, supplementary fig. A.3, A.4).
Additionally, 4 new highly conserved motifs across BLH2, BLH4 and BEL1 homologs in
angiosperms were identified (corresponding to motifs 4, 9, 18, 20; supplementary fig. A.3,
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A.4). Towards the C-terminus of the BEL1 proteins, two new conserved motifs were
identified (motifs 11, 19). While five new motifs were found restricted to the Brassicaceae
BEL1 sequences. These motifs are found before the BELL domain and are rich in amino
acids with polar uncharged side chains such as Asparagine, Glutamine, Serine and Threonine
(supplementary fig. A.3, A.4). One motif was found to be present only in gymnosperm
homologs (motif 24). Furthermore, 4 motifs are exclusive to gymnoBEL1-2 clade
(corresponding to motifs 14, 21, 22 and 23; supplementary fig. A.3, A.5).
To determine if there were differences in selection constraints acting on the gymnosperm
BEL1 clades, PAML analyses were performed, as most changes in protein motifs were
mapped to those particular duplication events. The test showed that all gymnosperm clades
have <1, indicating purifying selection (supplementary tables A.3-A.5). This purifying
pressure, however, exhibits a significant variation (strengthening and release) across BEL1
subclades and in different protein domains (BELL domain and Homeodomain). First, a one
ratio model was tested for all BEL1 sequences resulting in a o=0.80491 for the BELL domain
and o=0.21041 for Homeodomain. Next a two-ratio model was implemented to test shifts in
selection rates in each of the gymnosperm clades compared to the remaining sequences.
Using the BELL-domain, the foreground for the gymnoBEL1 clade (f = 0.19304) in
comparison to the background value for the remaining BEL1 sequences (b=0.66789) suggests
increased purifying selection, which corresponds with the loss of a number of conserved
motifs (i.e., 10, 12, 15 ,17) and shorter sequences (supplementary fig. A.3). In contrast, the
foreground values for gymnoBEL1-2 and gymnoBEL1-3 clades (f =0.17990 and f = 0.34684
respectively) compared with the background values (b = 0.14890 and b = 0.09963
respectively) suggests relaxed purifying selection for the gymnoBEL1-2 and gymnoBEL1-3
clades. Instead, the Homeodomain in all four gymnosperm clades is under a relaxed
purifying selection (supplementary table A.4; see also Zumajo-Cardona and Ambrose, 2020).
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Figure 2.3: Maximum Likelihood analysis for BEL1, BLH2/4 homologs across vascular
plants.
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Figure 2.3 (prev. page) caption continuation: Yellow stars indicate large scale
duplication events. These events coincide with (from top to bottom) (1) the diversification of
the Brassicales forming the clades BLH2 and BLH4. (2) prior to the origin of angiosperms
giving rise to the BEL1 and BLH2/BLH4 clades; (3) two large scale duplication events
occurred within gymnosperms. Bootstrap values ¿ 60 are shown on the corresponding
branch. Colors in the tree follow the top left organismal tree. Black branch for the
Physcomitrella patens (moss) sequence used as outgroup.

2.3.3

KANADI gene lineage

With a Maximum Likelihood analysis, it was possible to detect that ATS is the sister lineage
of KAN1, 2 and 3 and it appears to be specific to angiosperms (Zumajo-Cardona, Vasco,
et al., 2019, supplementary fig. A.6). Fern homologs were identified prior to the
diversification of the KAN lineage in seed plants and taxon-specific duplication events were
identified in Equisetum hyemale and Equisetum diffusum (supplementary fig. A.6).
Furthermore, this analysis showed that gymnosperm and two Psilotum nudum sequences are
sister to KAN1, 2, and 3 homologs with a backbone of low support values. To better
understand the evolutionary position of gymnosperm homologs within the KANADI gene
lineage, a second analysis was performed. With the resulting topology including KAN1, 2, 3,
and gymnosperm homologs, three major duplication events were found (Figure 2.4). One
duplication specific to angiosperms that gave rise to KAN1 and KAN2/3 clades. The second
occurred before the diversification of Brassicales giving rise to clades KAN2 and KAN3
(Figure 2.4). The third duplication event occurred within the gymnosperms forming two
clades, hereafter referred to as the gymnoKAN1/2/3-1 and gymnoKAN1/2/3-2 clades
(Figure 2.4). It is difficult to trace back the origin of this duplication because the
gymnoKAN1/2/3-1 has no representatives from Podocarpaceae family and
gymnoKAN1/2/3-2 has no Ginkgoaceae representatives. Although we have been able to
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isolate two copies of Gnetum gnemon (Gnetales) these sequences seem not to be nested in
either gymnosperm clade (Figure 2.4 Zumajo-Cardona and Ambrose, 2020).
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Figure 2.4: ML analysis including KAN1, 2, 3 and gymnosperm homologs.
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Figure 2.4 (prev. page) caption continuation: Yellow stars indicate large scale
duplication events. These events coincide with (from top to bottom) (1) the diversification of
angiosperms and gave rise to the clades KAN1 and KAN2/3 ; (2) affected only rosids and
gave rise to the clades KAN2 and KAN3 ; (3) the origin of several gymnosperm families
forming the clades: gymnoKAN1/2/3-1 and gymnoKAN1/2/3-2. Bootstrap values over 60
are placed at the nodes. Colors follow the top left organismal tree. Psilotum nudum
sequences (PsnuKAN, PsnuKAN2 ) were used to root the tree.
From protein conservation analyses using seed plant homologs, it was found that the GARP
domain and the N-terminus of the proteins with a Leucine-rich motif, P/LDSLQ/HIS are
highly conserved across KANADI homologs (Ollendorff et al., 1994, supplementary fig. A.7).
Additionally, it was found that the end of the protein was highly conserved
L[E/D]FTL[G/A][R/T][P/S/Q] (motif 4) across all major KAN clades (supplementary figs
A.7, A.8). Before the GARP domain, there is a region conserved in all KAN1, 2, 3 and
gymnosperm homologs but absent in the ATS proteins (motif 9)
xxR[S/A]R[F/L][M/L][P/S/A][K/S/R]. It was also found that the gymnosperm clades have
characteristic motifs: gymnoKAN1/2/3/4-1 has one exclusive motif towards the C-terminus
of the proteins (motif 7; supplementary figs A.7, A.8). The gymnoKAN1/2/3/4-2 clade has
unique motifs near the N-terminus of the protein (motifs 12,14) and after the GARP domain,
near the C-terminus of the protein (motifs 15, 16; supplementary figs A.7, A.9). All the
proteins analyzed share the START domain, the GARP domain, and the C terminus of the
protein. ATS sequences are shorter and do not share many conserved motifs with other KAN
proteins, instead, KAN1, 2, and 3 share more conserved motifs among them (supplementary
fig. A.7).
To determine whether there were differences in selection acting on the different KANADI
clades, Likelihood ratio tests were carried out for the GARP-domain. It was possible to
establish that the KANADI sequences are under purifying selection and that there are shifts
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in the purifying pressures in each of the different clades (supplementary table A.5). While
the Brassicales-KAN2 clade (f =0.10701 vs b=0.09482) and gymnoKAN1/2/3-1 (f =0.11026
vs. b=0.04150) are under relaxed purifying selection, KANADI1 (f=0.00010 vs b=0.09432),
Brassicales-KAN3 (f=0.06717 vs. b=0.10931) and gymnoKAN1/2/3-2 (f =0.02412 vs.
b=0.03043) are subject to increased purifying selection.

2.3.4

UNICORN gene lineage

With the ML analysis performed for the UCN lineage, three large-scale duplication events
were identified (Figure 2.5). One such duplication was found specific to Brassicaceae,
resulting in the UCN and UCNL clades (BS = 100; Figure 2.5). The two remaining
duplication events occurred in gymnosperms, giving rise to three different clades that are now
named gymnoUCN1, 2 and 3. However, two additional clades were detected in gymnosperms
before the diversification of gymnoUCN1, 2 and 3 which are now named gymnoUCN4 and
gymnoUCN5, all with BS values higher than 94. All these clades have Pinales representated
with few differences while gymnoUCN2 and 3 have just Pinales sequences, gymnoUCN1 has,
in addition, Cycadales sequences. gymnoUCN4 and gymnoUCN5 clades have Cycadales and
Ginkgoales in addition to Pinales sequences (Figure 2.5). Fern and lycophyte homologs were
detected before the diversification of the UCN clade in seed plants. Taxon-specific
duplication events were observed in Malus domestica (Rosaceae), Glycine max (Fabaceae),
Zea mays (Poaceae), Botrypus virginianus, Anemia tomentosa, Vittaria lineata (Ferns) and
Huperzia selago (Lycophyte) all with a BS value of 100 and can be related to tandem,
segmental duplication or whole genome duplication events (Figure 2.5 Jiao, J. Li, et al., 2014;
Nystedt et al., 2013; Schmutz et al., 2010; Velasco et al., 2010).
From the analyses of UCN proteins, in addition to having identified the eleven characteristic
subdomains of the serine/threonine protein kinases, new highly conserved motifs were
identified across the homologs analyzed (supplementary fig. A.10). Subdomain I,
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GxGxx[G/S]T (motif 7 in our MEME analysis); subdomain II, FA[L/V/M]K (part of motif
9); subdomain III [W/R]E (part of the motif 9); subdomain IV, P[F/L]PxL (part of motif 5);
subdomain V, [Y/F]C[S/P]GG[D/E/N]L[N/F/H]xL (part of motif 5); subdomain VIa,
[R/K]FY[A/L/V]AE (in the motif 1); subdomain VIb, YRDLKPEN[I/V]L (in the motif 1);
subdomain VII, LTDFDLS (motif 8) also characteristic of all AGC proteins in eukaryotes
(Galván-Ampudia and Offringa, 2007); the subdomain VIII usually characterized by the
amino acids AEP (Galván-Ampudia and Offringa, 2007; S. Hanks et al., 1988; S. K. Hanks
and Quinn, 1991) is substituted by [A/S]PE (motif 3); the characteristic insertion between
subdomains VII and VIII is also present, the insertion is from 40 to 70 amino acids long and
plays a role in the subcellular localization of these proteins (Galván-Ampudia and Offringa,
2007); subdomain IX, VDWW[A/S][L/F]G (can be found in motif 2); and subdomain X,
[R/K]R (corresponding to motif 6; supplementary fig. A.10, A.11). In addition, it was
possible to identify new highly conserved domains, such as a leucine/serine rich motif,
GL[S/Y]L[S/T][L/R][S/D][S/D/Y] (motif 12), located between subdomains VII and VIII
(supplementary figs A.6, A.7). After subdomain X, three new conserved motifs were
identified (corresponding to motifs 4, 10, 11; supplementary figs A.10, A.12). The three
Gnetum gnemon homologs (GnmoUCN, 2, 3) and the Welwitschia mirabilis homolog
(WemiUCN2) have an insertion of 230 to 250 aa long, before subdomain I, the N-terminus of
the protein, where three new conserved domains were identified (motifs 13, 14 and 15;
supplementary figs A.10, A.12).
Figure 2.5 (following page) caption continuation: Yellow stars show the six
large-scale duplication events. (From top to bottom) One previous to the diversification of
Brassicaceae and two additional duplications within the gymnosperms. Orange stars show
taxon-specific duplication events. Bootstrap values over 60 are placed at the nodes. Colors
in the tree follow the top left organismal tree. Lycophyte sequences (from Huperzia and
Selaginella) were used to root the tree.
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2.3.5

SHORT INTEGUMENTS1 gene lineage

SIN1 is also known as CARPEL FACTORY, SUSPENSOR1 and DICER-LIKE1 (Golden
et al., 2002; Schauer et al., 2002), which is a homolog of Dicer-1 genes, is conserved in all
eukaryotes including Caenorhabditis elegans and Homo sapiens (Cerutti et al., 2000; Grishok
et al., 2001). The Maximum Likelihood analysis shows no major duplication events (Figure
2.6). However, some taxon-specific duplication events in the basal angiosperm Austrobaileya
scandens and the gymnosperms Cephalotaxus harringtonia and Halocarpus bidwillii were
identified with this analysis (Figure 2.6).
With the analyses of SIN1 proteins, it was possible to identify all the major domains: the
DExH box helicase at the N-terminus of the protein (corresponding to motifs 17, 4, 19 and
12; supplementary fig. A.13); the motif DUF283 of unknown function (motifs 8 and 20;
Finnegan et al., 2003); the PAZ domain shared across eukaryotes (motifs 10 and 15; Cerutti
et al., 2000; Finnegan et al., 2003; Grishok et al., 2001); the RNaseIII domain (correspond to
motifs 1 and 7); and a double stranded RNA binding domain (dsRNA; motifs 6 and 13 in
our MEME analysis; supplementary figs A.13, A.14). Additionally, new motifs were
identified that are conserved across seed plants. Before the PAZ domain, at the N-terminus
of the protein, there are two highly conserved motifs (corresponding to motifs 9, 14;
supplementary fig. A.13). These motifs are rich in amino acids that contain a hydrophobic
side chain such as Leucine, Phenylalanine and Valine (supplementary fig. A.15). And at the
C-terminus of the protein, the last motif identified with the sequence
FTRQTLNDICLR[R/K][Q/N]WPMP[Q/S/L]YRC, is also highly conserved (motif 5;
supplementary figs A.13, A.15).
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Figure 2.6: ML analysis for the SIN1 gene lineage across seed plants.
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Figure 2.6 (prev. page) caption continuation: Orange stars show taxon-specific
duplication events. No large duplication events were found. Bootstrap values over 60 are
placed at the nodes. Colors follow the top left organismal tree. The lycophyte SIN1 genes
were used to root the tree (SewaSIN1, SeapSIN1, SewiSIN ).

2.3.6

Morpho-anatomical development of Ginkgo biloba ovule and seed

In Ginkgo biloba, the ovules are borne on a stalk or funiculus, that develop axillary to the
leaf, on a short shoot (Figure 2.7). In ovulate shoots, there is variation in the number of
internal leaves and ovule stalks in each whorl (Sporne, 1965; Douglas et al., 2007). The
funiculus usually dichotomizes producing two sessile ovules with a fleshy collar around the
base (i.e. Figure 2.7b). The collar is a structure unique to Ginkgo and it does not develop
from well-organized meristematic tissue, but it is the result of the proliferation of
undifferentiated cells of the funiculus, particularly from the hypodermal region, that continue
dividing after ovule initiation (Figure 2.7; A. Douglas et al., 2007). The nucellus starts
developing from the hypodermal layer through periclinal cell divisions, forming the primary
nucellar tissue, which is present before the initiation of the integument (Figure 2.7a;
A. Douglas et al., 2007; Takaso, 1980). Early integument development appears to be
circumferential, surrounding the nucellus primordia (A. Douglas et al., 2007). At stage 1, the
collar is already developed, the ovule primordia are discernible, with the integument
primordia starting to develop (Figure 2.7a). In stage 2 the integument grows to overtop the
nucellus, leaving a small opening in the distal end of the ovule, called the micropyle. The
micropyle allows the pollen to enter (Figure 2.7b), at this stage there is a clear differentiation
between the integument and the nucellus (Figure 2.7c). In stage 3, the micropyle produces
the pollination drop to catch the pollen (Figure 2.7d), the integument is formed by
homogenous cells, the integument and the nucellus are fused at the proximal end of the ovule
but the integument is free at the distal end of the ovule (Figure 2.7e). At stage 4, in the
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integument, three anatomical regions begin to differentiate: the sarcotesta, sclerotesta and
endotesta (from the outside to the inside of the ovule; Takaso, 1980). The sarcotesta is
covered with a cuticle. The epidermis (the outer-most cell layer of sarcotesta) is rich in
tannins and the whole region has an abundance of tannins and mucilage cavities are present
(stained in red; Figure 2.7). The sclerotesta is composed of small homogeneous isodiametric
cells with little accumulation of tannins. The endotesta, in direct contact with the nucellus at
the chalazal end of the ovule, is composed of small homogeneous isodiametric cells (proximal
end of the ovule); at this stage, part of the nucellus is found in the micropylar region,
forming the pollen chamber to receive the pollen (Figure 2.7f). At stage 5, the integument
has accumulated more mucilage cavities in the sarcotesta. In the stage 5 nucellus, there is a
layer, called the jacket, formed by approximately three cell layers that directly surrounds the
megagametophyte, (Figure 2.7g). Stage 6 is marked by the closing of the micropyle, after the
pollen has entered the ovule, the integument continues to grow and become fleshy (Figure
2.7h). After the pollen enters through the micropyle, fertilization can take around five
months, from spring to early fall (April to September; Favre-Ducharte, 1959). At this stage,
the micropyle begins to close by fusion of the apical cells of the integument. The sarcotesta
increases in width due to accumulation of more mucilage cavities, and the sclerotesta, with
few layers of sclerenchyma cells, is barely discernible. The endotesta is formed of small
isodiametric cells which are only in contact with the nucellus at the proximal region of the
ovule. At stage 6, the distal portion of the nucellus starts to degenerate (Takaso, 1980,
Figure 2.7i, ). Stage 7 corresponds to a seed, at this point the integument turns yellow
(Figure 2.7j) and the entire ovulate stalk falls off the tree. At stage 7, the sarcotesta is rich
in tannins, the mucilage cavities and cells in this region are larger with more air-filled spaces
between them, which all together give the characteristic fleshiness to the seed; the sclerotesta
is not visible at this stage due to the disintegration of the sclerenchyma cells; and the
endotesta, is still formed of small, uniform isodiametric cells and it is mostly fused to the
nucellus (Figures 2.7k, l; Takaso, 1980). Stage 8 corresponds to a fully mature seed; the
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funiculus detaches from the tree through the abscission zone located at its proximal region
thus most ovules fall from the tree attached to the funiculus. However, there is another
abscission in the proximal region of the ovule, in between the collar and the base of the
integument (Figure 2.7m). Tangential (Figure 14n) and longitudinal sections (Figure 2.7o) of
this seed show that the abscission zone is formed by around six cell layers in the center of
the seed. This zone starts lignifying from the outside of the seed to the inside, until it breaks
and the seed detaches from the vegetative tissues (collar and funiculus; Figures 2.7m-o).
The seed coat at this stage is formed by the sarcotesta alone, and the collar dehydrates
becoming lignified (Figures 2.7n-o). Pollen cones also develop in the leaf axil on the short
shoot of male trees (Figure 2.7p). The pollen cone consists of a main axis with lateral
microsporangiophores, with a terminal “knob” containing a mucilage sac and bearing two
pendulous microsporangia; the inner-most most layer of the microsporangia is in direct
contact with the pollen grains in the tapetum (Figures 2.7p, q).
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Figure 2.7: Ginkgo biloba ovule development stages, showing the anatomy through longitudinal sections and morphology. a ovule in stage 1 with the integuments initiating on the sides
of the nucellus primordium. b ovules in stage 2. c anatomy of the ovule in stage 2 where the
integument overtops the nucellus. d ovules in stage 3 with pollination drop. e ovule in stage
3, the integuments have elongated through periclinal cell divisions. f ovule in stage 4, the
integument is covered with a cuticle, it forms the micropyle, and the three different layers
can be distinguished due to anticlinal cell divisions, the nucellus has grown and its apex gets
to the micropyle. g ovule in stage 5, megagametophyte mother cell us formed surrounded by
the jacket cells, the outermost layer of the integument, sarcotesta, has high accumulation of
mucilage canals and tannins.
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Figure 2.7 (prev. page) caption continuation: h ovule in stage 6. i ovule in stage 6,
the micropyle closes and the pollen chamber starts to degrade.j seed, stage 7. k stage 7
corresponding to a seed, at this stage the mucilage canals have enlarged and the sarcotesta
has more aerenchyma, the sclerotesta has been degraded and the endotesta is in direct
contact with the entire nucellus. l close-up of the integument of the seed. m Stage 8, fully
mature seed which has fallen from the tree. n Tangential section at Stage 8. o Longitudinal
section seed at stage 8. p pollen cone. q longitudinal section through a pollen cone, the
microsporagia are located one in front of the other on the stalk, each containing multiple
pollen grains. Arrowhead, abscission zone; c, collar; e, endotecium; en, endotesta; i,
integument; mg, megagametophyte; ms, microsporangium; n, nucellus; ov, ovule; pc, pollen
chamber; sc, sclerotesta; sr, sarcotesta. Scales: 50 µm (k, l, q, n, o); 100 µm (a, c, e, f, g, i);
5mm (b, d, m); 1cm (h, j, p).

2.3.7

Morpho-anatomical development of Gnetum gnemon ovule and seed

In Gnetum gnemon, ovules and microsporangia form on specialized structures called strobili.
Strobili develop in the axil of a leaf; each strobilus consists of a long axis bearing numerous
pairs of decussate bracts. Some strobili are bisexual where both, ovules and microsporangia
develop in the axil of the same bract, all around the axis (Chamberlain, 1935; Pearson, 1929)
thus, forming at each node of the strobilus an upper ring of ovules and several rings of
basipetal microsporangia (Figure 2.8a). However in Gnetum gnemon some strobili are only
ovulate (Figure 2.8a-d; Takaso and F. Bouman, 1986). The ovules are characterized by an
integument and two additional envelopes, resulting in three protective layers covering the
megasporangia and then the megagametophyte. As the ovule matures the outermost layer
changes color, from green and coriaceous (Figure 2.8b) to yellow, indicating that it is
competent to be pollinated (Figure 2.8c). After pollination, it turns into a red fleshy seed
(Figure 2.8d). The layers covering the megagametophyte, going from the inside to the
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outside, are the integument, the middle envelope, and the outer envelope (Endress, 1996;
Rydin, Pedersen, et al., 2006, Figure 2.8e). The microsporangia are unilocular (Figure 2.8f).
The ovules that develop on a staminate strobilus (forming a bisexual strobilus) have one
envelope, hence, these ovules have an integument covered by only one additional envelope
(Figure 2.8f). Whereas the ovules that develop on an ovulate strobilus have three layers
covering the megagametophyte as shown by this well-developed ovule (Figure 2.8g; Beccari,
1877; Strasburger, 1879; Takaso and F. Bouman, 1986). A well-developed ovule has envelops
and integument completely overtopping the nucellus. At the following stage, the megaspore
mother cell is formed in the center of the nucellus (Figure 2.8h). After pollination, the
nucellus begins to degenerate, the integument closes over the nucellus, the middle envelope
fuses with the outer envelope and will become the stony layer of the seed, the outer envelope
starts to become fleshy leaving apparent spaces between the cells (Figure 2.8i). All layers
surrounding the megagametophyte are completely separated from each other, including the
integument (the inner layer) which is also separated from the megagametophyte (Figure
2.8f-i). The ovules born on bisexual strobili are usually abortive, if the ovule is young it does
not affect the development of microsporangia on the same node (Figure 2.8f). However, if
the ovule has reached an advanced stage of development, nearby microsporangia will abort
while those that are further from the mature ovule will develop properly (Figure 2.8h;
Chamberlain, 1935).
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Figure 2.8: Morpho-anatomical development of the ovules in Gnetum gnemon. a Strobili
with a ring of ovules and rings of microsporangia developing basipetally at each node. b-c.
Ovules at different stages of development, developing on ovulate strobili. d Red fleshy seed.
e Inside of the seed showing three different layers protecting the nucellus. f longitudinal
section throughout strobili, sterile ovule with one envelope surrounding the integument
and oldest microsporangium next to the ovule. g Ovule with the nucellus covered by the
integument, middle envelope and outer envelope. h strobilus with functional ovule, where
the gametophyte has reached the free nuclear stage, the functional microsporangium is at
the bottom. i mature ovule, postfertilization, the middle envelope fusing with the outer
envelope and the nucellus has started to degenerate. i, integument; me, middle envelope; ms,
microsporangia; n, nucellus; oe, outer envelope; ov, ovule; p, pollen; se, seed; st, sporogenous
tissue; t, tapetum; tr, trichomes. Scales: 25 µm; (i), 50 µm; f-h), 0.5cm (a-c, e), 1c¬m (d).
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2.3.8

Expression analyses of WUSCHEL homologs in Ginkgo biloba

GbWUS is the WUS homolog in Ginkgo biloba (Nardmann, Reisewitz, et al., 2009) WUS
has pleiotropic roles in Arabidopsis development and in seed development is known for its
role in integument initiation (Groß-Hardt et al., 2002). The expression of GbWUS was
evaluated in ovules at different stages of development, in pollen cones and in leaves of
Ginkgo biloba. In the early stages of ovule development (S2-S3), when the integument is
already overtopping the nucellus, GbWUS is strongly expressed in the nucellus and in a layer
of cells, known as the abscission zone of the ovule, between the ovule and the collar. Its
expression is also detected in the integument during these early stages (Figures 2.9a-c).
Before the ovule is fertilized (S4 – S5), GbWUS is strongly expressed in the integument and
its expression is maintained in the nucellus and abscission zone (Figures 2.9d-e). In the seed,
GbWUS expression is detected at lower levels in the fleshy region of the seed, but its
expression is maintained in the endotesta, nucellus, jacket cells and in the abscission zone of
the seed (Figures 2.9f-g). GbWUS is also expressed in the nearly mature pollen grains
(Figure 2.9h) and in the young developing leaf (Figure 2.9i).

2.3.9

Expression analyses of ANT homologs in Ginkgo biloba and Gnetum
gnemon

The euANT gene lineage has undergone multiple duplication events that appear to be
angiosperm specific, as all gymnosperm homologs are pre-duplication genes and a homolog
has been identified in Ginkgo, named GibiANT (Kim et al., 2006, Figure 2.2). I evaluated
the expression patterns of GibiANT at different stages of ovule development, which showed a
very consistent expression pattern throughout development (Figure 2.10). At the beginning
of the development of the ovule (S2-S3), the expression of GibiANT is limited to the region
which will correspond to constitute the abscission zone of the ovule (Figures 2.10a, b). At S3
it is also found at the tip of the integument, distal end, which will form the micropyle
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Figure 2.9: Expression of GibiWUS using in situ hybridization. a ovule in stage 2. b ovule
in stage 3. c ovule in stage 4. d ovule in stage 5. e ovule in stage 6. f seed, with zoom in
the integument. g seed zooming into the abscission zone. h zoom into a microsporangium. i)
cross section of a leaf. c, collar; e, endothelium; i, integument; l, leaf; n, nucellus; p, pollen; t,
tapetum. Scales: 50 µm (f - i); 100 µm (a - e).
(Figure 2.10b). Once the nucellus cells are well formed (S4), the expression of GibiANT is
also detected in the jacket cells (Figure 2.10c). These expression patterns are maintained
throughout development (S6) where GibiANT is also found to be expressed in the pollen
chamber (Figure 2.10d). In the seed, the expression in the abscission zone is maintained
(Figure 2.10e). GibiANT is expressed in the tapetum of the pollen cone and in the nearly
mature pollen grains (Figure 2.10f). GibiANT is widely expressed in the vegetative tissue, in
vascular bundles and in the cells surrounding the mucilage cavities of the petiole and leaves
(Figures 2.10g-h).
Expression analyses have been previously performed during very early stages of ovule
development in Gnetum parviflorum (GpANTL1 ) where expression was detected in the
abaxial side of all envelope primordia, integument primordia and nucellar tip (T. Yamada,
Hirayama, et al., 2008). Here, the expression of one ANT homolog in Gnetum gnemon is
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Figure 2.10: Expression of ANT homologs in Ginkgo biloba and Gnetum gnemon using in
situ hybridization. a – h GibiANT expression patterns. a ovule in stage 2. b ovule in stage
3. c ovule in stage 5. d ovule in stage 6. e seed. f microsporangium. g petiole of the leaf.
h cross section of the leaf. i – l GneANT expression patterns. Black arrowhead pointing
to the megaspore; c, collar; e, endothelium; i, integument; l, leaf; me, middle envelope; n,
nucellus; oe, outer envelope; p, pollen; st, sporogenous tissue; t, tapetum. Scales: 25 µm (j-l);
50 µm (f - i); 100 µm (a – e).
investigated. This homolog has been previously identified with phylogenetic analyses and
named GneANT (Kim et al., 2006; T. Yamada, Hirayama, et al., 2008). Due to the
availability of plant material, the expression analyses presented here focus on strobili later in
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development. During early stages of ovule development GneANT is expressed in the nucellus
and the entire integument (Figure 2.10i). No expression of GneANT is detected in the outer
envelope (Figure 2.10i). As the micropyle develops and the ovule is ready to be fertilized,
expression in the integument is restricted to the apical region that forms the micropyle
(Figure 2.10j). GneANT expression is maintained in the nucellus and the integument
throughout ovule development, including the stage when the megaspore mother cell is
formed (Figure 2.10k) and after meiosis (Figure 2.10l). GneANT expression is also detected
in the sporogeneous tissue of the microsporangia and later in the pollen grains (Figure 2.10l).

2.3.10

Expression analyses of BELL1 homologs in Ginkgo biloba and Gnetum
gnemon

Two homologs of BELL1 have been identified in Ginkgo, named GibiBEL1 and GibiBEL1-2
(Figure 2.3; Zumajo-Cardona and Ambrose, 2020). Expression analyses in the development
of the ovule revealed restricted expression patterns for each copy. GibiBEL1 is expressed in
the abscission zone of a young developing ovule (S3; Figure 2.11a). When the ovule is ready
to be fertilized (S4), GibiBEL1 is found expressed in the pollen chamber (Figure 2.11b) as
well as in the megaspore mother cell and in the jacket cells once formed (S5, S6; Figures
2.11c-d). In the seed (S7), GibiBEL1 is strongly expressed in the abscission zone, and
slightly expressed in the nucellus and endotesta cells of the integument (Figures 2.11e-f). No
expression of GibiBEL1 is detected in the young developing pollen cone or in the blade of
the young leaf (Figures 2.11g-h). On the other hand, GibiBEL1-2 is expressed in the
nucellus from the early stages of ovule development (S2; Figure 2.11i) and this expression is
restricted to the megaspore mother cell, once it develops (S5, S6 Figures 2.11j-k). In seed,
GibiBEL1-2 is expressed in the jacket cells (Figure 2.11l) and in the abscission zone (Figures
2.11m-n). There is no expression detected in the pollen cones or the leaf (Figures 2.11o-p).
A homolog of BELL1 in Gnetum gnemon, named Melbel1, has been previously identified by
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phylogenetic analyses (Becker, Bey, et al., 2002). Thus, to better understand the putative
function of BEL1 homologs in ovule development of G. gnemon, we performed
spatiotemporal expression analyses at different stages of development. In young sterile
developing ovules, Melbel1 is detected at low levels in the nucellus and pollen grains (Figure
2.12a). In the next stage, as the nucellus continues growing, these expression patterns are
maintained (Figure 2.12b). As the ovule matures, Melbel1 expression is maintained in the
nucellus and in the megaspores (after meiosis). Strikingly, no expression is detected in the
apical region of the nucellus, the pollen chamber, or in the integument or the outer envelope
(Figure 2.12c).

2.3.11

Expression analyses of KANADI homologs in Ginkgo biloba and
Gnetum gnemon

A homolog of the KANADI genes has been found in Ginkgo, named GibiKAN (Figure 2.4).
During the early stages of ovule development, GibiKAN is expressed in the region that will
constitute the nucellus (S1; Figure 2.13a) and it is maintained as the nucellus develops (S2;
Figure 2.13b). GibiKAN is also expressed in the integument once the ovule is fertilized and
the integument begins to close around the micropyle (S5, S6; Figures 2.13c-d).These
expression patterns in the integument, nucellus and the jacket cells are maintained at lower
levels in the seed (S7; Figure 2.13e). GibiKAN is also expressed in microspores (pollen
grains; Figure 2.13f) and is highly expressed throughout the leaf surface (Figure 2.13g).
Two KAN homologs have been identified for G. gnemon named GnmoKAN1 and
GnmoKAN2 (Zumajo-Cardona and Ambrose, 2020). The position of these two sequences
within gymnosperms is not yet clear, but all gymnosperm homologs are sister clades to the
angiosperm specific clades KAN1 and KAN2/3 which are also involved in integument
polarity in Arabidopsis (Bowman, Eshed, et al., 2002; Eshed, Izhaki, et al., 2004; Kerstetter
et al., 2001; McAbee, Hill, et al., 2006; Zumajo-Cardona and Ambrose, 2020). With the
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spatiotemporal expression analyses we detected that the two G. gnemon homologs show
different expression patterns suggesting some degree of subfunctionalization (Figure 2.13).
GnmoKAN1 is expressed in the nucellus and in the apical portion of the integument during
early stages of ovule development (Figure 2.13h), and its expression patterns are maintained
throughout ovule development, when the micropyle is formed (Figure 2.13i) and as the ovule
matures where it is also found to be expressed in the megaspore mother cell (Figure 2.13j).
However, GnmoKAN2 is slightly expressed in the nucellus of a young developing ovule
(Figure 2.13k). In the next stage, when the megaspore begins to develop, GnmoKAN2 is
specifically expressed in the megaspore mother cell and towards the apical region of the
integument (Figure 2.13l). These expression patterns are maintained as the megaspore
undergoes meiosis (Figure 2.13m).

2.3.12

Expression analyses of UNICORN homologs in Ginkgo biloba and
Gnetum gnemon

Two UNICORN homologs have been identified in Ginkgo, named GibiUCN and GibiUCN2
(Figure 2.5 Zumajo-Cardona and Ambrose, 2020) and their expression patterns detected for
both appears to be very restricted. During development of the ovule, expression is detected
in the nucellus and in the tip of the integument and the jacket cells (Figures 2.14a-e, h-l).
Both genes are strongly expressed in the tapetum and in the nearly mature pollen grains
(Figures 2.14g, m). UCN expression was not detected in the blade of young leaves (Figures
2.14f, n).
Two UCN homologs have been identified in G. gnemon, named GnmoUCN and GnmoUCN2,
both belonging to the same clade within gymnosperms (Figure 2.5 Zumajo-Cardona and
Ambrose, 2020). However, the two paralogs show different expression patterns (Figure 2.15).
GnmoUCN is expressed in the nucellus in a young developing ovule (Figure 2.15a). The
expression in the nucellus is maintained as the ovule develops and forms the megaspore
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where it is also expressed. In addition, GnmoUCN expression is also found in the apical
region of the integument forming the micropyle (Figure 2.15b). Low levels of GnmoUCN
expression are detected in the sporogenous tissue of the microsporangia (Figure 2.15c).
On the other hand, GnmoUCN2, is expressed specifically in the megaspore mother cell
(Figure 2.15d) and this expression is maintained as the megaspore undergoes meiosis. At this
stage, GnmoUCN2 is also expressed in the apical region of the integument (Figure 2.15e).
These expression patterns are maintained when the micropyle begins to close, moreover,
GnmoUCN2 expression is also detected in the pollen chamber, in the apical region of the
nucellus, as it begins to degenerate (Figure 2.15f). No expression is detected in the
microsporangium (Figure 2.15g).
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Figure 2.13 (prev. page) caption continuation: f pollen cone. g cross section of the
leaf. h - j Expression patterns of GneKAN1. k – m Expression patterns of GneKAN2.
Black arrowhead pointing to the megaspore; c, collar; e, endothelium; i, integument; l, leaf;
me, middle envelope; n, nucellus; oe, outer envelope; p, pollen; st, sporogenous tissue; t,
tapetum. Scales: 25 µm (i, m), 50 µm (f-g, j, l-l), 100µm (a-e, h).

2.3.13

Expression analyses of C3HDZip homologs in Ginkgo biloba

There are five different homologs identified in previous studies for the C3HDZip genes in
Ginkgo, named GbC3HDZ1 to 5 as the result of duplications event which affected
gymnosperms and ferns; GbC3HDZ1, 2 and 3 are sister to angiosperm homologs, including
Arabidopsis PHV, PHB and REV (Vasco et al., 2016). Expression analyses of all the
C3HDZip homologs in Ginkgo are described here for the first time. GbC3HDZ1 is expressed
in the young developing nucellus (S2 and S3; Figures 2.16a, c) specifically in the region
where the megaspore will develop (Figure 2.16b). Expression is detected in the jacket cells as
well (S4; Figure 2.16c). GbC3HDZ1 is not expressed in the fleshy region of the seed (S7;
Figure 2.16d) but it is expressed in the tapetum of the microsporangium and in the nearly
mature pollen grains (Figure 2.16e). GbC3HDZ1 expression is not detected in the blade of
young leaves (Figure 2.16f). GbC3HDZ2 expression is not detected in young ovules (S2;
Figure 2.16g) but as soon as the megaspore starts to develop in the nucellus, it is expressed
in the jacket cells (S3; Figure 2.16h), and this expression is maintained as the ovule develops
(S4; Figure 2.16i). In a mature seed (S7) GbC3DZ2 is found expressed in the jacket cells (S7;
Figure 2.16j, k) and throughout the fleshy seed coat (Figure 2.16l). GbC3DZ2 expression is
detected in the tapetum and the nearly mature pollen grains (Figure 2.16m) but not in the
vegetative tissue (Figure 2.16n). In the young developing nucellus (S1), GbC3HDZ3 is
expressed early in the development (Figure 2.16o). When the integument overtops the
nucellus (S2), GbC3HDZ3 is expressed in the region which will form the abscission zone of
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the ovule (Figure 2.16p). As the nucellus develops (S3-S5), the expression is restricted to the
jacket cells and the tissue that will form the megaspore (Figure 2.16q-s). GbC3HDZ3 is also
expressed in the tapetum and pollen grains (Figure 2.16t) but not in the vegetative tissue
(Figure 2.16u). GbC3HDZ4 expression is not detected in the young developing ovules (S2 to
S6; supplementary fig A.16a-d) but in well-developed ovules, it is found expressed in the
inner region of the integument, the endotesta (supplementary fig A.16e) and the pollen grain
(supplementary fig A.16f). No expression of GbC3HDZ4 is detected in the leaf
(supplementary fig. A.16g).

2.3.14

Putative ancestral expression patterns

Mapping expression patterns, with the data available so far across land plants, onto the gene
phylogeny could provide an understanding of the putative ancestral state of the gene lineage.
In BELL1, the vegetative and megasporangia expression as ancestral state is still uncertain
as there is no evidence in lineages outside seed plants (Figure 2.17a, b). The integument
expression seems to be unique to BELL1 lineage in angiosperms thus, its ancestral state is
not being expressed in the integument (Figure 24c). The ancestral state of KANADI in
vegetative and microsporangia tissues is equivocal, as it is not found there in lycophytes but,
these expression patterns are conserved in ferns and seed plants (Figure 2.17d, e). The
ancestral state for KAN in the microsporangia is still uncertain, as there is no information
for non-seed plants and for some angiosperm lineages (Figure 2.17f). UNICORN is a lineage
little studied thus, the understanding of its ancestral state is even more challenging.
According to the parsimony analyses it seems that UCN ancestral state is the expression in
the integument and in the megasporangia, however there is no clear conclusion for its
ancestral state in the microsporangia (Figure 2.18a-c).
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2.4

Discussion

Plant molecular studies have been historically more focused on flowering plants and
gymnosperms have not been considered an ideal group for genetic studies due to their big
size and slow life cycle. Therefore, there is a gap in the understanding of the molecular
evolution of land plants, and the understanding these changes have on major morphological
traits. For instance, the seed is a salient synapomorphy of all seed plants but, there are still
major morphological differences across seed plants. Regarding Ginkgo, its ovules are
characterized by one integument with orthotropous orientation, which constitutes the typical
ovule morphology of a gymnosperm, however, the integument in Ginkgo becomes fleshy as it
matures making it unique. Additionally, Ginkgo has a unique structure at the base of the
ovules called the collar (Figure 2.7). Moreover, the ovules of Gnetum, also have a unique
morphology not found in any other plant. Presenting an orthotropous orientation, its ovules
have an integument which is separated from the nucellus and two additional envelopes that
cover the ovule which become fleshy, thus ensuring seed dispersal by animals (Figure 2.8;
Takaso and F. Bouman, 1986). Whereas the ovules of Arabidopsis exhibit the typical ovule
morphology of angiosperms, with anatropous orientation due to the asymmetric growth of
the outer integument, and an ovule with two integuments completely fused to the nucellus
(Schneitz et al., 1997).
Understanding the functional evolution of the genetic network of ovule development and its
impact on the morphological evolution of land plants remains difficult at this stage. Most
studies have focused on identifying the ovule developmental genes in Arabidopsis and
phylogenetic studies have been done for some genes with restricted sampling to model
species (i.e., Oryza sativa, Malus domestica, Solanum tuberosum, Solanum lycopersicum and
Arabidopsis thaliana) in BEL1, KAN, and SIN1 (Becker, Bey, et al., 2002; G.-H. Zhang
et al., 2009), WUS and ANT have a complete phylogeny (Kim et al., 2006; C.-C. Wu et al.,
2019) while UCN lacks any phylogenetic analyses in plants. In addition, expression and
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functional studies of these genes have been done also in selected angiosperms and few
seedless plants (i.e., ferns, lycophytes and mosses, Horst et al., 2016; Youngstrom et al., 2019;
Zumajo-Cardona, Vasco, et al., 2019).

2.4.1

WUS homologs show similar expression patterns in Gnetum and Arabidopsis but very broad expression in Ginkgo.

WUSCHEL belongs to the T3 WOX clade of the large WOX protein superfamily. This clade
has undergone multiple duplication events specific to seed plants, where one duplication gave
rise to WUS and its sister clade WOX5/7 (Nardmann, Reisewitz, et al., 2009; X. Wu et al.,
2007). WUS proteins have a conserved Homeodomain, characteristic of all WOX proteins
and an exclusive WUS-box motif, TLxLFPx, along with EAR motif: L[DE]L[ST]LN (Ohta
et al., 2001; C.-C. Wu et al., 2019).
In terms of the expression and functional evolution of WUS related genes there are few
studies outside angiosperms. In the fern Ceratopteris richardii, CrWOXB a
WUS-RELATED homeobox, shows functions promoting cell divisions in the gametophyte
generation and organ development in the sporophyte generation (Youngstrom et al., 2019).
In gymnosperms, the Gnetum homolog known as GgWUS/WOX5, shows expression patterns
similar to those in monocots, in the region of the shoot apical meristem where the lateral
organs will develop, but also in the nucellus, similar to that in the Arabidopsis ovules
(Nardmann, Reisewitz, et al., 2009). My experiments revealed that the expression patterns
of the WUS homolog in Ginkgo biloba, is in the nucellus but also in the integument as well
as in the pollen cone (Figure 2.9). Suggesting that the expression of these genes is not the
same in gymnosperms. In angiosperms, WUS genes are known for a variety of functions. In
Zea mays (maize) there are two homologs ZmWUS and ZmWUS2 (Nardmann and Werr,
2006) and, the WUS homolog in Oryza sativa (rice) is known as TILLERS ABSENT1 or
OsWUS (Tanaka et al., 2015). WUS homologs in grasses are essential to initiate the
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development of the axillary meristem and have the same expression patterns as CLV1 in
floral meristems (Nardmann and Werr, 2006; Tanaka et al., 2015). The expression patterns
in core eudicots exhibits major changes. In petunia, the WUS homolog is known as
TERMINATOR (Stuurman et al., 2002); in Antirrhinum as ROSULATA (Kieffer et al.,
2006); and in tomato it is known as SlWUS (Sicard et al., 2008). All these homologs show
the same expression patterns as in Arabidopsis and participate in ensuring the maintenance
of stem cells (Kieffer et al., 2006; Reinhardt et al., 2003; Sicard et al., 2008; Stuurman et al.,
2002). WUSCHEL, in Arabidopsis ovule development, is required for the proper
establishment of the chalaza, the distal region of the ovule from which the integuments
develop, and to induce the formation of the integuments. In fact, wus mutants do not
develop integuments (Groß-Hardt et al., 2002; Sieber et al., 2004). Moreover, the expression
of WUS is restricted to the nucellus activating a downstream signal that derives from the
nucellus and induces organ initiation in the adjacent chalazal cells (Figure 2.1a); revealing
that WUS activity is not in the cells where it is expressed but, acts cell non-autonomously,
forming a short-range signaling module repeatedly deployed during plant development
(Colombo et al., 2008; Groß-Hardt et al., 2002). WUS in Arabidopsis also regulates cell
differentiation in anther development, and it is expressed in the pollen (Deyhle et al., 2007).
Altogether, it is possible to conclude that the expression of WUS in the pollen and the
nucellus is conserved across seed plants. However, major changes are observed in Ginkgo,
where it is expressed in the integument as well (Figure 2.19a). These changes may be
associated with changes in the regulatory network. For example, in Arabidopsis BEL1
represses WUS expression to the nucellus (Brambilla et al., 2007). And because I found that
the protein sequence is highly conserved across seed plants, those regulatory changes may be
attributed to changes in the cis-regulatory regions and not to the coding sequence (C.-C. Wu
et al., 2019).
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2.4.2

ANT lineage in gymnosperms show expression primarily in the nucellus
becoming restricted to the integument in angiosperms

ANT is a plant-specific gene, a member of the large transcription factor family
APETALA2/ETHYLENE-RESPONSIVE ELEMENT-BINDING FACTOR (AP2/ERF ) and
part of the euANT subclade (Kim et al., 2006; Nole-Wilson and Krizek, 2006). The
evolution of this gene lineage is complex, and phylogenetic analyses have been done including
mainly homologs from model species or have been focused on angiosperms (Kerstens et al.,
2020; Kim et al., 2006). With an extensive sampling across seed plants, I detected that the
euANT clade has undergone multiple duplication events specific to angiosperms, one of those
gave rise to the ANT clade (Figure 2.2) as the result of the whole genome duplication
(WGD) which affected all angiosperms (Jiao, Wickett, et al., 2011). The gymnosperm
homologs are pre-duplication and belong to what is known as the basal ANT clade. This
was further confirmed by the analysis of the protein sequence, which allowed me to identify
the canonical AP2 domains: AP2R1 and AP2R2 and euANT3 motif (supplementary fig.
A.1). euANT proteins have two highly conserved motifs at the N-terminus of the protein
euANT1 and euANT2 motifs, these two motifs are not present in the gymnosperm homologs
(supplementary fig. A.1). Additionally, new highly conserved domains are detected specific
to each clade (supplementary figs A.1, A.2).
The ANT homolog in the fern Ceratopteris richardii, CerANT, is expressed in the sperm, in
the archegonial neck canal just before fertilization (gametophyte structure), and in the
fertilized egg, the zygote, but not in the egg cell before fertilization; expression is also
detected in the fiddlehead, the young developing leaf (sporophyte; Bui et al., 2017).
Overexpression of CerANT promotes apogamy, where the sporophyte develops from the
gametophyte but without fertilization of the gametes (Bui et al., 2017). Expression analyses
in young developing ovules in the gymnosperms Pinus thumbergii, PtANTL1, and Gnetum
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parvifolium, GpANTL1, show expression in the nucellus and integument (T. Yamada,
Hirayama, et al., 2008). Similarly, I found that the expression in the nucellus and in the
integument is maintained throughout ovule development in Gnetum gnemon (Figure 2.10).
And in Ginkgo biloba, GibiANT is expressed at the tip of the integument, as well as in the
megaspore mother cell and in the pollen grains (Figure 2.10a-h). These results suggest that
the expression of ANT homologs shows slight variations through the ovules of different
species of gymnosperms (Figure 2.10) but overall, it is conserved in P. thumbergii and
Gnetum sps. and that it is maintained throughout ovule development (T. Yamada,
Hirayama, et al., 2008, Figure 2.10i-l). In addition, we detected expression in the pollen
grains, microspores, which suggests that ANT homologs were retained in gymnosperms as
key factors in the development of the mega and the microspores, gametophyte development,
similar to what is found in ferns (Figure 2.10).
In angiosperms, in species such as Petunia x hybrida, Antirrhinum majus (Manchado-Rojo
et al., 2014) and Malus domestica (Dash and Malladi, 2012), ANT homologs have been
identified and functionally characterized. Showing that these genes act in the development of
both integuments, as well as in the control of the leaf size. Likewise, in Arabidopsis, the ant
mutants, do not develop integuments, megasporogenesis is blocked, the number of floral
organs decreases, and the size of the leaves is smaller(Baker et al., 1997; Elliott et al., 1996;
Gasser, Broadhvest, et al., 1998; Klucher et al., 1996). Studies in Arabidopsis have shown
that pleiotropic roles of ANT in plant development, are the result of its control over cell
proliferation, during organogenesis, affecting the initiation, growth and intrinsic organ size,
including ovule, floral organs as well as in shoot and leaves (Elliott et al., 1996; Mizukami
and Fischer, 2000), which seems to be the conserved function across core eudicots.
Altogether, the ancestral function of ANT seems to be in gametophytic development, as seen
in ferns and in gymnosperms (Bui et al., 2017; T. Yamada, Hirayama, et al., 2008).
Apparently, in the evolutionary process of the integument, in seed plants, ANT homologs
have been recruited for its development (T. Yamada, Hirayama, et al., 2008, Figure 2.19b).
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It is important to note that ANT in Arabidopsis is a gene with pleiotropic roles, where it is
involved, not only in integument initiation but also in primordia development of all plant
organs except roots (Elliott et al., 1996).

2.4.3

BELL1 exhibits major changes in the expression patterns across seed
plants after duplication in angiosperms

The BEL1 gene lineage consists of BEL1, BLH2, and BLH4 homologs (Becker, Bey, et al.,
2002). Analyses of this gene lineage have been performed mainly for Arabidopsis and some
model species (Becker, Bey, et al., 2002; Kumar et al., 2007; Mukherjee et al., 2009). The
MID domain, consisting of the SKY and BEL-domains, is highly conserved across seed
plants (Becker, Bey, et al., 2002; Bellaoui et al., 2001; Hake et al., 2004; Hay and Tsiantis,
2010; Mukherjee et al., 2009) and it is responsible for the phylogenetically conserved
BEL–KNOX interaction (Hake et al., 2004; Hamant and Pautot, 2010; Hay and Tsiantis,
2010; Lee et al., 2008; Luo et al., 2005; Yoon et al., 2017). Two ZIBEL motifs are also highly
conserved in the BEL1 lineage. One of these motifs is located near the N-terminus of the
protein and corresponds to the sequence GLSLSLSS and the other one, located at the
C-terminus of the protein corresponds to VSLTLGL, similar to what has been reported for
other BEL proteins (Mukherjee et al., 2009; Pabón-Mora et al., 2014). The ZIBEL motifs
are EAR-like motifs (LxLxLx), associated with transcriptional repression by recruitment of
TOPLESS (TPL) and TPL related co-repressors (Causier et al., 2012; Fujiwara et al., 2014;
Hiratsu et al., 2004; Kagale and Rozwadowski, 2011; Kieffer et al., 2006; Ohta et al., 2001).
Our results show that protein sequences of BEL1 lineage are not only similar between the
Arabidopsis paralogs but across angiosperms (supplementary fig. A.3).
Protein-protein interactions between the BEL and KNOX TALE- proteins, occur through
SKY and BELL domains, although the KNOX partners may vary (Bellaoui et al., 2001; Cole
et al., 2006; Kumar et al., 2007; Lee et al., 2008). The BEL1 gene in Arabidopsis forms
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heterodimers with KNOX partners, SHOOT MERISTEMLESS (STM) and KNAT1 for
proper meristem identity (Bellaoui et al., 2001; Byrne et al., 2003; Chuck et al., 1996;
S. J. Douglas et al., 2002; Lincoln et al., 1994; Rutjens et al., 2009). BEL1 also directs
normal integument development in part by suppressing AGAMOUS expression in this region
(Bencivenga et al., 2012; Brambilla et al., 2007; Ray, Robinson-Beers, et al., 1994).
From the results of the phylogenetic analysis, I conclude that the BLH2/BLH4 and BEL1
clades evolved with angiosperm radiation, as a result of the whole genome duplication
(WGD) event (Jiao, Wickett, et al., 2011, Figure 2.3). But also, that a major duplication
event, in BLH2/4 gene lineage corresponds to the and the WGD events specific to
Brassicales (Barker et al., 2009; Jiao, Wickett, et al., 2011). All the taxon-specific
duplication events identified in Manihot esculenta, Populus trichocarpa, Salix purpura, Vitis
vinifera, Zea mays and Musa acuminata are also the result of WGD events (Fregene et al.,
1997; Jaillon et al., 2007; D’Hont et al., 2012; Muhlhausen and Komar, 2013). Two major
duplication events occurred in gymnosperms giving rise to three clades (Figure 2.3).
However, these clades do not share the same species of gymnosperms which makes tracing
the duplications within gymnosperms difficult. This may be due to paralogs not yet
identified or to true gene losses, which is difficult to assess until more genomes are available.
Variations in evolution rates of BEL1 regions, across the different clades, may suggest
functional differences as the rate of amino acid substitutions is limited by functional or
structural constraints on proteins (J. Liu et al., 2008). To measure changes in the evolution
of the protein sequence variations in the ratio of non-synonymous (dN) to synonymous (dS)
substitutions, are calculated. A dN/dS ¡ 1 suggests that strong purifying selection did not
allow most amino acid substitutions to be fixed, dN/dS ¿ 1 suggests that constraints are
reduced and that new amino acids may have been able to become fixed due to positive
selection, and dN/dS = 1 suggests neutral evolution, in which synonymous changes occur at
the same rate as non-synonymous changes and the fixation of new amino acids occurs at a
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neutral rate (Hurst, 2002; W. Li et al., 1997). All BEL1 clades are under purifying selection,
dN/ dS ¡ 1, but changes have been detected within the different gymnosperm clades
(supplementary tables A.3-A.4). Our results showed a strong purifying selection in
gymnoBEL1 compared to a more relaxed purifying selection in gymnoBEL1-2 and
gymnoBEL1-3. Indicating that gymnoBEL1-2 and 3 are evolving at a faster rate, having
been released from the purifying selection and possibly indicating a neo- or
sub-functionalization event. This suggests, that gymnoBEL1 may have maintained the
ancestral function (Aagaard et al., 2006).
Functional studies in the moss Physcomitrella patens, PpBELL1, show that it is a master
regulator of the gametophyte-sporophyte transition, loss of function of PpBELL1 generates a
bigger egg cells unable to form an embryo, suggesting that BELL1 was the key to facilitating
the diversification of land plants (embryophytes; Horst et al., 2016). In gymnosperms,
expression in Ginkgo biloba, is detected mainly in the megaspore, pollen grains and
vegetative tissue (Figure 2.11a-h). In G. gnemon, where the homolog Melbel1 is expressed in
the nucellus and the megaspore after meiosis, suggests that the function in the proper
formation of the spores, micro and megaspores, and subsequent embryo formation may be
conserved in early diverging and plants and gymnosperms (Figure 2.12i-l). Expression in the
integument of Ginkgo and Gnetum is also observed, particularly at the apical region which
will form the micropyle (Figure 2.11 - 2.12). In angiosperm ovules, BEL1 homologs become
restricted to the integument and it is the conserved pattern across angiosperms. In the
monocot Hordeum, two BEL1 homologs have been identified, JUBEL1 and 2 showing
expression in the meristematic tissues and primordia of the ovule (Müller et al., 2001). In
other angiosperms such as Malus domestica, the BELL1 homolog, known as MDH1, suggest
that the function in the ovule is conserved to that in Arabidopsis where BEL1 acts in the
proper development of the integuments (Dong et al., 2000). In Arabidopsis, the bel1 mutant
causes significant growth in the chalazal region, showing an asymmetric fleshy structure at
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the base of the nucellus but no true integument is formed. Thus, the BEL1 function, in the
development of the integument, seems to be due to the interaction with the carpel identity
dimer AG-SEPALLATA3 and to the repression of WUS towards the nucellus (Brambilla
et al., 2007). Another recently suggested interaction, which may be related to BEL1 function
in integument formation, is the repression of SPOROCYTELESS (SPL), a master regulator
of nucellus-forming pathways upregulating PIN-FORMED 1 (PIN1) and WUS (Bencivenga
et al., 2012; T. Yamada, Sasaki, Sakata, et al., 2019). However, the repression of SPL by
BEL1 has only been suggested by expression analyses (Sieber et al., 2004).
These results allow me to infer that the function of BEL1 homologs in the development of
the egg cell may be conserved in bryophytes and gymnosperms (Figure 2.11 - 2.12; Horst
et al., 2016). Although my results do not cover embryo development, the expression patterns
of Melbel1 found in the nucellus and the megaspore mother cell suggests that it could be
directly or indirectly involved in embryo development in G. biloba and G. gnemon as well.
However, this function does not seem to be conserved in angiosperms, where BELL1
homologs play key roles in formation of the ovule primordia and integument. Overall, this
led us to suggests that major changes in the functional evolution of BELL1 gene lineage
occurred, following a duplication event that took place before the diversification of
angiosperms (Figure 2.19c). Expression studies show that the three genes: BEL1, BLH2 and
BLH4 overlap in the sepals of Arabidopsis (Kumar et al., 2007). However, the BLH2/4
(SAW1/2 ) lineage among angiosperms functions in leaf margins and BEL1 in meristem
identity and ovule development (Hamant and Pautot, 2010; Kawamura et al., 2010; Kumar
et al., 2007; Rutjens et al., 2009), suggesting a neo-functionalization scenario in angiosperms.
More expression studies in vegetative tissues of gymnosperms are still required to understand
whether the ancestral function of this gene lineage is in leaf development.
A parsimony analysis with the information available so far, corroborates that the ancestral
function of the BELL1 lineage is not integument development, and that information in
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bryophytes is required to understand the putative ancestral function of this lineage in
vegetative tissue and megasporangia (Figure 2.17a-c).

2.4.4

KANADI genes have broad expression patterns in gymnosperm ovules
and became restricted in the integuments of Arabidopsis after a duplication event.

Arabidopsis has four KAN paralogs, KAN1 to 4 (KAN4 is also known as ATS ). The KAN
genes belong to the family of GARP transcription factors (Riechmann et al., 2000). The
GARP domain confers the DNA-binding function (Grefen and Harter, 2004; Hosoda et al.,
2002) and it is highly conserved in the homologs analyzed in seed plants (supplementary fig.
A.7). This indicates that they maintain a DNA-binding function. The leucine rich domain
towards the N-terminus of the protein (Ollendorff et al., 1994), was also found in all the
proteins included in our analyses. In terms of the protein composition, it is possible to
determine that KAN1 and KAN2 are more similar to each other (supplementary fig. A.7),
KAN3 has unique domains and, ATS has domains shared with gymnosperm homologs. The
gymnosperm sequences are longer with several newly identified conserved domains that are
still lacking functional characterization (supplementary figs A.7, A.8).
After performing an extensive search for KAN homologs across vascular plants we found
that ATS (KAN4 ), is specific to angiosperms (supplementary fig. A.6), probably due to the
duplication event that occurred prior the diversification of all angiosperms (Jiao, Wickett,
et al., 2011). KAN1 is also the result of the WGD which affected all angiosperms, giving
rise also to its sister clade KAN2/3 (Figure 2.4). The specific duplication of Brassicales
resulting in KAN2 and KAN3 clades coincides with the and WGD in Brassicales (Barker
et al., 2009; M. T. Donoghue et al., 2011). On the other hand, the duplication that occurred
in gymnosperms seems to correspond to the WGD previous to seed plant diversification
(Jiao, Wickett, et al., 2011) even though, the Gnetales sequences are not nested in either
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clade (Figure 2.4).
The calculation of the shifts in selection constraints, between the different KANADI clades,
was done using the non-synonymous (dN) to synonymous (dS) substitution ratio, which
allowed us to better understand the possible functional differences among these protein
sequences. Our results detected strong purifying selection in KANADI1, Brassicales-KAN3,
and gymnoKAN1/2/3-2 whereas Brassicales-KAN2 and gymnoKAN1/2/3-1 show more
relaxed purifying selection. This suggests that KAN2 in Brassicales and gymnoKAN1/2/3-1
are evolving at a faster rate, being released from strong purifying selection after the
duplication. It also suggests a long-term functional maintenance scenario of KAN1,
Brassicales-KAN3 and gymnoKAN1/2/3-2 and finally a neo- or sub-functionalization in
Brassicales-KAN2 and gymnoKAN1/2/ 3-1 (Aagaard et al., 2006).
ATS is involved in the separation of the two integuments in Arabidopsis, it is expressed on
the abaxial (outer) side of the inner integument (Figure 2.1f R. H. Brown et al., 2010; Kelley,
Arreola, et al., 2012; Lora et al., 2015; McAbee, Hill, et al., 2006). Interestingly, the
evolutionary hypothesis I recovered shows that homologs of ATS are not present in
gymnosperms which are characterized by one integument (supplementary fig. A.6). Early
during ovule development, ATS forms a protein complex with ETTIN (ETT or AUXIN
RESPONSE FACTOR 3) with similar expression patterns and a similar mutant phenotype
(Gasser and Skinner, 2019; Kelley, Arreola, et al., 2012; Pekker et al., 2005). Furthermore,
later during integument development ATS is repressed by UNICORN, when it is not in a
complex with ETT, maintaining the planar growth of the inner integument (Enugutti,
Kirchhelle, Oelschner, et al., 2012; Scholz et al., 2019).
Expression studies in the lycophyte Selaginella moellendorfii, show that there are three KAN
specific homologs differentially expressed throughout sporangium development, participating
in its initiation (SmKAN1, 2 ) through sporocyte formation (SmKAN3 ; Zumajo-Cardona,
Vasco, et al., 2019). In the fern, Equisetum hyemale, the expression of KAN homologs was
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only assessed in vegetative tissue, where it was found in leaf primordia and the abaxial side
of each leaf (Zumajo-Cardona, Vasco, et al., 2019).
In the gymnosperm, Ginkgo biloba one paralog has been identified, GibiKAN, and Gnetum
gnemon two paralogs were identified,GnnoKAN1 and GnmoKAN2 (Figure 2.4). The
expression of GibiKAN and GnmoKAN1 is very similar even though they belong to different
clades, they are expressed in the nucellus and megaspore, in the integument and in the pollen
grains (Figure 2.13). On the other hand, GnmoKAN2 shows more restricted expression to
the megaspore and the apical region of the G. gnemon integument (Figures 2.13k-m). Thus,
the expression patterns in the megaspore are conserved between S. moellendorffii and
gymnosperms (Zumajo-Cardona, Vasco, et al., 2019). Moreover, the differences between the
two G. gnemon paralogs, suggest a partial sub-functionalization event. Expression or
functional studies in the reproductive structures of ferns are still required to better
hypothesize whether this function is conserved in lycophytes, ferns and gymnosperms.
In angiosperms, KAN genes are generally known for their function in establishing leaf
polarity, specifically the abaxial side of the leaf, similar to that found in ferns
(Zumajo-Cardona, Vasco, et al., 2019). This function has been shown to be conserved in
monocot homologs, Milkweed pod1 in Zea mays (Candela et al., 2008), and
SHALLOT-LIKE1 in Oryza sativa (G.-H. Zhang et al., 2009). In Arabidopsis, they are not
only responsible for specifying the abaxial identity of leaves, but also integument polarity.
KAN1 and 2 are responsible for the planar identity of the outer integument, while ATS
(also known as KAN4 ) is responsible for the planar identity of the inner integument
(Bowman, Eshed, et al., 2002; Eshed, Izhaki, et al., 2004; Kelley, Arreola, et al., 2012;
Kerstetter et al., 2001; Leon-Kloosterziel et al., 1994; McAbee, Hill, et al., 2006). As for
integument polarity, no observations have been reported in other angiosperms. Previous
studies in lycophytes together with our findings allow us to hypothesize that the ancestral
function of the KAN genes is in the development of the sporangium and that it is conserved
among lycophytes and gymnosperms. Finally, with the data available so far, parsimony
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suggests that the putative ancestral function of KAN genes is in the vegetative tissues and
megasporangia (Figure 2.17d-f).

2.4.5

Broad expression patterns in Gymnosperm UCN homologs but is restricted in Arabidopsis integuments

UNICORN (UCN ) encodes a functional AGC VIII kinase (Bögre, 2003; Enugutti, Kirchhelle,
Oelschner, et al., 2012; Galván-Ampudia and Offringa, 2007; Hirt et al., 2011; G.-H. Zhang
et al., 2009) and similar to all serine/threonine protein kinase, we identified all eleven
subdomains conserved in all the sequences included in our analyses (supplementary fig. A.10,
A.11; S. Hanks et al., 1988; S. K. Hanks and Quinn, 1991; Walker, 1994), which suggests
that kinase activity is conserved across the entire lineage. Interestingly, the five Gnetales
homologs (i.e., GnmoUCN/2/3, WemiUCN/2 ) have longer sequences with an insertion
towards the N-terminus of the protein (supplementary fig. A.10).
With the ML analysis, we could establish that UCN and UCN-LIKE are the result of a
duplication event that coincides with the and duplication events previous to Brassicales
diversification (Figure 2.5 Jiao, Wickett, et al., 2011). UCN and UCNL seem to play
redundant roles during embryo development, as the double mutant is embryo lethal
(Enugutti, Kirchhelle, and Schneitz, 2013). As mentioned before, the maintenance of planar
growth in the integuments is under UCN control by interacting with ATS (Enugutti,
Kirchhelle, Oelschner, et al., 2012; Schneitz et al., 1997; Scholz et al., 2019). Genetic,
biochemical, and in vitro analyses suggest that UCN and ATS directly interact in
Arabidopsis (Enugutti, Kirchhelle, Oelschner, et al., 2012). Given the phylogenetic and
protein analyses shown here, it is likely that this interaction is conserved between ATS and
UCN orthologs in angiosperms as already indicated by expression analyses in Amborella
trichopoda (Arnault et al., 2018). This exact interaction between ATS and UCN homologs is
not maintained in gymnosperms as no ATS homologs were found. However, from the
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similarities shown in the sequence and the PamL analyses between KAN1 protein with
gymnoKAN1/2/3-2 sequences (see discussion of KAN genes) it is likely that
gymnoKAN1/2/3-2 homologs may be playing a similar role to KAN1 in Arabidopsis.
According to a parsimony analysis the putative ancestral function of UCN is in
megasporangia and integument (Figure 2.18).
Expression and functional studies on this gene have been restricted to Arabidopsis, where it
is involved in planar identity of the outer integument (Enugutti, Kirchhelle, Oelschner, et al.,
2012). Here, I have described the expression patterns in G. biloba and G. gnemon, each with
two paralogs (Figure 2.5). All these paralogs are found expressed in the megaspore, tips of
the integument and pollen, GnmoUCN is expressed broadly in the nucellus as well (Figures
2.14, 2.15). Although our results may not be conclusive for determining whether these
homologs are also involved in integument polarity, it seems that this function is not
conserved in gymnosperms because UCN homologs are expressed only in the nucellus and
apical portion of the integument and because we found no differences in the expression of
UCN homologs in G. biloba and G. gnemon, between the adaxial and abaxial side of the
integument (Figures 2.14, 2.15). These changes are possibly due to changes in the regulatory
network after independent duplication events across seed plants.

2.4.6

SHORT INTEGUMENTS 1 is highly conserved across plant evolution

Phylogenetic analyses in a few model species (Q. Liu et al., 2009) together with the extensive
homologs search performed here, I found that across land plants and green algae SIN1 is a
gene lineage that is highly conserved in its protein sequence (supplementary fig. A.13; Q. Liu
et al., 2009) and shows no major duplication events across seed plants (Figure 2.6). These
results led us to hypothesize that due to its function as a DICER- LIKE1 gene, which is
essential for RNA silencing, it has not undergone any major changes or duplication events
during plant evolution (Bernstein et al., 2001; Golden et al., 2002; Grishok et al., 2001;
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Knight and Bass, 2001).
SIN1 has multiple functions during plant development: it is important for controlling
meristem fate determination (Ray, Lang, et al., 1996), the sin1 mutant produces an excess
of stamens and carpels and it is involved in the proper development of the embryo suspensor
(Jacobsen et al., 1999; Schwartz et al., 1994). In sin1 mutants, the ovule has short
integuments resulting in a failure of seed development (Golden et al., 2002; Jacobsen et al.,
1999; Schwartz et al., 1994). It has been shown that there is cross-talk between the
integuments and the nucellus, when the integuments fail to develop so does the nucellus
(Figueiredo and Köhler, 2014, 2016; Reiser and Fischer, 1993; Yang et al., 1999). Our results
suggest that SIN1 functions in Arabidopsis are most likely conserved across all seed plants.
Nevertheless, expression analyses are still required in gymnosperm species to corroborate this
hypothesis.

2.4.7

Overview of the evolution of the ovule development network

The genes that we studied here are known to be involved in proper development of the
integument (Baker et al., 1997; Gasser, Broadhvest, et al., 1998). However, for the
integuments to begin to develop, the identity of the ovule must be established. The ovule
identity protein complex is formed by three MADS-box proteins: SEEDSTICK
(STK)-SEPALLATA (SEP)-SHATTERPROOF (SHP) which stabilize the
BEL1-SEP3-AGAMOUS (AG) complex, to regulate the identity of the integument (Colombo
et al., 2008). In addition, STK, SHP1 and SHP2 specify the fate of the integument cells and
later on, ANT promotes the initiation and growth of these cells (Losa et al., 2010). The
expression patterns of AG, SHP and STK in Arabidopsis, are found in the placenta and
expression is maintained in the ovule where their expression diverges becoming specific to
different regions (Losa et al., 2010; Ray, Robinson-Beers, et al., 1994). Expression studies
carried out in the homolog of Gnetum gnemon, called GGM13, revealed that it is expressed
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throughout the cone: in the entire ovule and in the pollen cones (Becker, Bey, et al., 2002).
These expression patterns as well as the evolution of the gene lineage suggest that these
genes play pleiotropic roles in Gnetum and that after multiple angiosperm-specific
duplication events, these genes have become restricted to the ovule. Furthermore, the
expression of AG, SHP and STK in the ovule further suggest a sub-functionalization event
(Becker, Bey, et al., 2002; Kramer, Jaramillo, et al., 2004; Pabón-Mora et al., 2014).
WUSCHEL in Arabidopsis, is required for the proper establishment of the chalaza, the distal
region of the ovule from which the integuments develop, and to induce the formation of the
integuments. In fact, wus mutants do not develop integuments (Groß-Hardt et al., 2002;
Sieber et al., 2004). Moreover, the expression of WUS is restricted to the nucellus activating
a downstream signal that derives from the nucellus and induces organ initiation in the
adjacent chalazal cells (Figure 2.19); revealing that WUS activity is not in the cells where it
is expressed but, forming a short-range signaling module repeatedly during plant
development (Colombo et al., 2008; Groß-Hardt et al., 2002). Previous studies, in the
Gnetum homolog, known as GgWUS, exhibit expression in the nucellus, similar to that in
Arabidopsis ovules, suggesting that the expression and putative function of WUS in the
ovule is conserved across seed plants (Figure 2.19a; Nardmann, Reisewitz, et al., 2009). Here,
WUS in Ginkgo shows broader expression patterns in the ovule possibly due to the lack of a
repressor (i.e. BELL1 homolog; Figure 2.19a).
Our results allow us to conclude that the ancestral function of integument genes is most
likely in sporangium development and that these genes were subsequently recruited for
integument development in angiosperms (Figure 2.19). The ANT, KAN and UCN homologs
were also found to be expressed in the integument of Ginkgo biloba and Gnetum gnemon.
However, in Arabidopsis this expression seems to be more restricted in the ovules. The
evolutionary history of these genes has been shown to be complex and most of the
gymnosperm homologs are pre-duplication genes (i.e. BEL1, KAN and UCN ; Figure 2.19).
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The major differences observed in the expression patterns among the major seed plant
lineages, suggest that their specific functions in integument development may be the result of
a neo-functionalization event in angiosperms (i.e BEL1 ) and possibly a loss of function in
the nucellus or egg cell (i.e. ANT, KAN and UCN homologs).

2.4.8

Impact of the ovule genetic network on the morphological evolution of
ovules

Studying these genes in species like G. biloba and G. gnemon is key for the understanding of
their evolution for several reasons: 1) they belong to the first extant plant lineage where
seeds evolved giving them a key phylogenetic position; 2) they belong to different lineages
among gymnosperms, allowing us to predict if the expression patterns detected are conserved
across gymnosperms; 3) given their unique ovule morphology, similar to extinct seed plants,
can provide us with a better understanding of the origin of the ovule from a molecular
perspective.
Expression patterns show that only the WUS homolog was found to be broadly and strongly
expressed in the integument, as well as in the nucellus, whereas some other genes are slightly
expressed in the integument (i.e. KAN and UCN homologs). Suggesting that the integument
regulatory network known for Arabidopsis is not playing the roles in integument development
in Ginkgo (Figure 2.19). And that for the case of Ginkgo there may be other genes involved
in the proper development of the integument. In ovules of Ginkgo, the accumulation of
mucilage and secondary compounds takes place prior to fertilization, providing it with its
unusually fleshy fleshy characteristic (Figure 2.7) and embryonic development continues after
the ovule has fallen off the mother plant (Favre-Duchartre, 1958). These characteristics are
comparable to those in the ovules of certain fossil lineages, Pteridiosperms and Cordaitales,
and are also similar to those in Cycadales (Favre-Duchartre, 1958).
Interestingly, ANT and BELL1 genes are expressed in the proximal end of the ovule, in a
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group of cell layers that will form the abscission zone, even though most of the mature seeds
remain attached to the funiculus after falling off the tree, there is an abscission zone formed
(Figure 2.7). Other BEL1-type genes, called qSH1 and qSH5, are known for their roles in the
proper formation of the abscission zone that promotes seed shattering in rice (Konishi et al.,
2006; Yoon et al., 2017) suggesting an ancestral role for the BELL gene lineage, and this role
should be better studied across seed plants. Understanding which genes are involved in
integument development in Ginkgo can provide a better understanding of the molecular
evolution of the seed and how it occurred much earlier in evolutionary time.
Furthermore, the unique morphology of Gnetum ovules allow us to make a major
breakthrough in the understanding of the possible origin of the ovule. The three envelopes
initiate in acropetal order, the outer develops first from the lateral sides of the ovule
primordia, then the middle, and then integument shortly after, both as a smooth outgrowth
encircling the nucellus (Herr, 1995; Takaso and F. Bouman, 1986). The integument grows
rapidly surpassing the two envelopes forming the micropyle, and the exposed part forms
multiple apical lobes (Figure 2.8; Takaso and F. Bouman, 1986). These lobes are similar to
the integumentary lobes of Paleozoic ovules (Herr, 1995). Interestingly, none of the genes
here studied are expressed in the middle or outer envelopes of the Gnetum ovule but most of
them are restricted or more strongly expressed in the apical region of the integument (i.e.
GneANT, GnmoKAN1/ 2, GnmoUCN, GnmoUCN2 ; Figures 2.10, 2.13, 2.14).
Concerning the mechanisms that led to the evolution of ovules as a major synapomorphy of
seed plants, three hypotheses, concerning the mechanisms that led to the evolution of ovules
as a major synapomorphy of seed plants, are still debated and remain valid: 1) The
integuments covering the megasporangia appeared as a new structure, also known as “de
novo hypothesis” (A. Meeuse, 1966); 2) the integuments are the result of the fusion of
vegetative structures, telomes, around the sporangium, called the “telome hypothesis”
(Walton, 1953; Zimmermann, 1965), a hypothesis supported by the fusion of integumentary
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lobes in the Paleozoic ovules; 3) the integuments are the result of sterilization of sporangia
around the only sporangium that remains functional, also known as the “synangial
hypothesis” (Benson, 1904). The synangial hypothesis was later modified by Crane and
Kenrick (1996) by following the vascular traces of the telomes and the synangia, suggesting
that the Paleozoic ovules also provide evidence for the synangial hypothesis, this is now
known as the neo-synangial hypothesis. Paleontological and morphological evidence so far,
seem equivocal for these three hypotheses. However, my studies in the integument genes in
Ginkgo biloba and Gnetum gnemon synthesized with previous studies in “seedless” plants:
bryophytes, lycophytes and ferns, suggest two possible scenarios for ovule evolution. The
first one, being that these genes where co-opted from the sporangium development network
and became specific for integument development in Angiosperms, which, is likely to have
occurred, since plants are modular organisms (Figure 2.19). And a second, where the
integuments are the result of fusion of integumentary lobes that once were once fertile, the
neo-synangial hypothesis; supported by evidence from Paleozoic ovules and by the expression
patterns of these genes in the micro- or mega-sporangium and as well as in the apical region
of the integument.
Finally, the envelopes of Gnetum do not seem to have genetic similarities with the
integument of angiosperms thus, providing genetic evidence that the extra structures in
Gnetales ovules are not integuments. Differential expression analyses in dissected tissues
from ovules are still required which could reveal new candidate genes involved in the
development of the different structures of seeds in Gnetum. Moreover, Ginkgo biloba and
Gnetum gnemon show some similarities in the expression patterns (Figure 2.19), however
there are key differences that are due to their unique ovule morphology or to the complex
evolutionary history of these genes. Thus, it is difficult to extrapolate the results obtained
here even to other gymnosperms.
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2.4.9

Putative changes in the regulation of these genes across seed plants,
impacted by the morphological diversity

It is important to note that the regulation of these genes varies even within angiosperms
according to the meristematic activity of ovule and placenta development (reviewed in
Colombo et al., 2008). For instance, in Arabidopsis, the placenta and the ovules differentiate
from the inner ovary wall, when the carpel primordia start developing, there is also a
repression over meristematic genes like WUS (by AG, a carpel identity gene; (Balanzà et al.,
2018; Colombo et al., 2008). On the other hand, in species like petunia and rice, the floral
meristem is maintained after carpel primordia develop because the placenta and the ovules
arise directly from the inner part of the floral meristem. Unfortunately, little is known about
the expression patterns and regulatory changes in these species (Colombo et al., 2008).
In gymnosperms, the canonical genes involved in ovule initiation and meristematic activity,
such as WUS, GGM3 (C-D type gene homolog; Becker, Saedler, et al., 2003) and AP2
(Zumajo-Cardona, Pabón-Mora, et al., 2021), are found broadly expressed throughout ovule
development (including nucellus and integument from young stages until the seed is fully
developed) different to what is observed in angiosperms (Colombo et al., 2008). It is likely
that these genes are interacting with each other but, it is also possible to hypothesize, that
there are major changes in the repression mechanisms of these genes, compared to what is
known for angiosperms; and that those changes are happening in the cis- or trans- regulatory
regions, as the protein sequences are highly conserved.
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Figure 2.11: Expression of BEL1 homologs in Ginkgo biloba using in situ hybridization. a
– h expression patterns of GibiBEL1. a ovule in stage 3. b ovule in stage 4. c ovule in stage
6. d ovule in stage 6 zooming into the nucellus. e – f seed, zooming into the abscission zone.
g pollen cone. h cross section of the leaf. i – p Expression patterns of GibiBEL1-2. i ovule
in stage 2. j ovule in stage 5. k zoom in the nucellus of an ovule in stage 5. l zoom of the
nucellus of the seed. m-n abscission zone of the seed. o microsporangia. p cross section of a
leaf. c, collar; e, endothelium; i, integument; l, leaf; n, nucellus; p, pollen; t, tapetum. Scales:
50 µm (n, q); 100 µm (j - m, o – p).
Page 99

Chapter 2

Figure 2.12: Expression of the BEL1 homolog in Gnetum gnemon using in situ hybridization.
Expression of Melbel1. Black arrowhead pointing to the megaspore; i, integument; me, middle
envelope; n, nucellus; oe, outer envelope; ov, ovule; p, pollen; st, sporogenous tissue; t,
tapetum. Scales: 25 µm (c), 50 µm (b), 100 µm (a).
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Figure 2.13: Expression patterns of KANADI homologs, in Ginkgo biloba and Gnetum
gnemon. a – g GibiKAN expression patterns. a ovule in stage 1. b ovule in stage 3. c ovule
in stage 4. d ovule in stage 6. e seed.
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Figure 2.14: Expression patterns of UNICORN homologs, in Ginkgo biloba using in situ
hybridization. a – g GibiUCN expression patterns. a ovule in stage 2. b ovule in stage 3. c
ovule in stage 5. d seed integument. e seed megagametophyte. f cross section of a leaf. g
microsporangium¬. h - n GibiUCN2 expression patterns h ovule in stage 2. i ovule in stage
3. j ovule in stage 4. k – l seed. m microsporangium. n cross section of the leaf. c, collar; e,
endothelium; i, integument; l, leaf; n, nucellus; p, pollen; t, tapetum. Scales: 50 µm (d-g,
k-n), 100 µm (a-c, h-j).
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Figure 2.15: Expression analyses of the two UCN homologs G. gnemon, in at different
stages of ovule development. a-c Expression patterns of GneUCN. d-g Expression patterns of
GneUCN2. Black arrowhead pointing to the megaspore; i, integument; me, middle envelope;
n, nucellus; oe, outer envelope; ov, ovule; p, pollen; st, sporogenous tissue; t, tapetum. Scales:
25 µm (e-f), 50 µm (a-d, g).
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Figure 2.16: Expression patterns of three C3HDZs homologs. a – c expression patterns
of GibiC3HDZ-1. a seed. b microsporangium, showing expression in the pollen grains and
tapetum. c leaf. d – k Expression patterns GibiC3HDZ-2. d ovules in stage 2. e ovule in
stage 4. f ovule in stage 5. g – i seed. j microsporangia. k leaf. l – r Expression patterns
GibiC3HDZ-3. l ovule in stage 1. m ovule in stage 2. n ovule in stage 4. o ovule in stage 5.
p ovule in stage 6. q microsporangia. r leaf. c, collar; e, endothelium; i, integument; l, leaf; n,
nucellus; p, pollen; t, tapetum. Scales: 50 µm (d-f, j-n, t-u) 100 µm (g-1, o-s), 125 µm (a-c).
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Figure 2.17: Ancestral state reconstruction of BEL1 and KAN expression patterns
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Figure 2.18: Ancestral state reconstruction of UCN expression patterns
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Figure 2.19: Schematic representation showing the expression of the different genes
known to be involved in ovule development in Arabidopsis thaliana and what is known
so far in Gnetum sps. and Ginkgo biloba.
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Transcriptome analyses and Differentially Expressed genes in the
integument of Ginkgo biloba

3.1

Introduction

The ovules of Ginkgo biloba (Ginkgo) have been of wide interest as they are comparable to
the naked ovules of fossil plants like Pteridiosperms and Cordaitales and are also similar to
those found in Cycadales. Indeed, its ovules have morphological characteristics of the first
ovules that evolved and have not changed (Favre-Duchartre, 1958). The ovules of Ginkgo
exhibit a single integument covering the nucellus and an orthotropus orientation, the typical
ovule morphology of gymnosperms (Foster and Gifford, 1974; Takaso, 1980). However, there
are major differences that make this ovule unique. The ovulate structure of Ginkgo lacks an
ovulate bract or distinct cone, its ovules are borne on a stalk or funiculus that arises in the
leaf axil (Foster and Gifford, 1974; K. Sporne, 1967). Usually, two ovules are formed from a
stalk after this dichotomizes, the ovules are sessile and there is a part forming a rim-like
fleshy structure known as a ‘collar’ below each ovule; the collar is a structure unique to
Ginkgo (A. Douglas et al., 2007; Takaso, 1980, see section 2.3.6). The development of seed
and embryo in Ginkgo is slow compared to that of angiosperms. The integument starts
becoming fleshy even before pollination; pollination occurs during spring, but fertilization
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takes place about 5 months later, in the fall and the subsequent development of the embryo
takes almost a year (Favre-Duchartre, 1958).
The major morphological differences between Arabidopsis and Ginkgo ovules, comparative
expression studies, show that the ovule genetic network is not conserved across seed plants
(see chapter 2). So far, there is a lack of information on the genes involved in ovule
development in Ginkgo; exhaustive characterization of the genes involved in ovule
development has been carried out in the model species Arabidopsis thaliana (Baker et al.,
1997; Colombo et al., 2008; Gasser, Broadhvest, et al., 1998). Further studies on Ginkgo
ovules are clearly needed. RNA-seq provides an efficient methodology to identify which genes
are expressed, generating fundamental molecular information that could open up new
avenues of research on seed evolution and development.
To date, multiple transcriptome analyses have been performed in Ginkgo for understanding
biochemical pathways, due to the suggested medicinal features of this species (He et al.,
2015; W.-x. Li et al., 2018; Y. Wu, J. Guo, et al., 2018; Y. Wu, Zhou, et al., 2019). Yet there
is no transcriptome analysis that has focused on understanding the development of its
ovulate structures.
To gain a broader perspective on Ginkgo biloba ovule and seed development , transcriptomic
data was generated for the different tissues of both ovule and seed (Figure 3.1). Several
characteristics of Ginkgo led to its choice for this study: 1) Ginkgo ovules retain several
plesiomorphic characters, including a single integument with three distinct anatomical layers.
Its morphology and anatomy are considered to be intermediate between those of cycads and
conifers (Coulter and Chamberlain, 1910) which are key for the understanding the origin and
evolution of the ovule. 2) Its pivotal phylogenetic position, representing one of the five
extant seed plant lineages. 3) Spatiotemporal expression studies have been standardized
allowing further characterization of genes (see chapter 2); and 4) Being one of the best
studied gymnosperms at the molecular level, with an initial draft genome available (Guan
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et al., 2016), Ginkgo provides a good foundation for transcriptomic studies. All these
characteristics, and the new transcriptomic data reported here, makes Ginkgo a potential
model species within gymnosperms, and also provides a new insight into ovule development,
allowing a better understanding of the genetic network involved.

Figure 3.1: Ginkgo pictures with dotted lines showing how the samples were dissected. The
table shows the number of samples collected.

3.2

Methods

3.2.1

Collection of plant material for RNAseq and Total-RNA extraction for
G.biloba.

A total of 18 samples of Ginkgo biloba were collected in liquid nitrogen from the NYBG
grounds and processed for sequencing with three biological replicates each, and dissected into
six distinct tissues: young ovules, collar, integument, megagametophyte, pollen cone and leaf
(Figure 3.1). The experiment was conducted to compare the differences between the different
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parts of the seed, specifically in comparison with the integument. Tissue was ground with
liquid nitrogen and total RNA from these samples was extracted using Qiagen RNeasy Kit
(ThermoFisher scientific) with a modification using an extraction buffer consisting of 2%
Polyvinlypolypyrrolidone (PVP), and 4% -mecarptoethanol (BME) preheated at 65°Celsius
(T. Wang et al., 2005).

3.2.2

Illumina sequencing

The quality of RNA samples was assessed using Qubit® 2.0 (TermoFisher Scientific) and
Agilent Technologies 2100 Bioanalyzer. Only samples with RNA Integrity Number (RIN) ≥
8 were used for preparing sequencing libraries. The RNA-Seq libraries were prepared using
NEBNext Poly(A) mRNA Magnetic Isolation Module Library Prep Kit (New England
Biolabs) and the resulting libraries were paired-end (PE) sequenced (2 x 150 bp) using an
Illumina HiSeq2000. The average sequencing depth for each sample was 40 million reads.

3.2.3

De novo transcriptome assembly and gene annotation in Ginkgo biloba

The quality of the raw data was assessed using FastQC (Andrews, 2010). Sequence adapters
and low-quality reads (Phred score ¡ 5) were removed using Trimmomatic (V 0.36) with all
the default parameters (Bolger et al., 2014). Transcripts were assembled using the Trinity (V
2.8.4) software pipeline (Figure 3.2a; Haas et al., 2013) as well as ABySS 2.0.2 (Jackman
et al., 2017) to compare the best assembly method. The two methods do not show major
differences but as a slightly higher N50 was obtained for each sample with Trinity, this
assembly program was used for all of the analyses Figure 3.2b). An initial reference
transcriptome was assembled from all RNA samples and all contigs with length 200
nucleotides. Transcriptome assembly quality was assessed based on the calculated E90N50
contig length. The initial reference transcriptome was annotated using DIAMON (Buchfink
et al., 2015), Ginkgo contigs were searched against bacterial and fungal databases mainly
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associated with soil and plants, sequence databases compiled from UniProt (uniport.org) in
order to identify possible contaminants. Sequences with an identity of 50% were removed
from the reference transcriptome (N = 2656). This initial transcriptome was assembled to
improve the assembly stats using AbySS (Jackman et al., 2017), transcriptome quality was
assessed with contig length and BUSCO was used for the annotation of the resulting
assembly was used for the following steps. The long open reading frames (ORF) were
predicted using TransDecoder (v 3.0.0) software (Figure 3.2a; Haas et al., 2013). For gene
annotation, G. biloba contigs were searched against several land plant protein coding
sequence databases (Amborella trichopoda: AMTR1.0 13333, Arabidopsis thaliana:
TAIR10 3702, Capsicum annuum: ASM51225v2, Ginkgo biloba: NCBI:txid3311, Gnetum
montanum: NCBI:txid3381, Oryza sativa: IRGSP-1.0, Picea abies: NCBI:txid3329,
Selaginella moellendorfii : V1.0 88036, Vitis vinifera: 12X 29760; available through
Ensembl and Plaza for gymnosperms).
In order to interpret the variation of this dataset, a Principal Component Analysis (PCA)
was used as it allows me to better interpret the variation in high-dimensional interrelated
dataset (with high number of variables). PCA preserves the global data structure by forming
well-separated clusters, allowing me to detect major differences between samples but, it can
fail to preserve the similarities within the clusters. Thus, in order to better understand the
similarities within these samples a dendrogram was obtained by performing a hierarchical
clustering of the samples using the ‘complete’ linkage method. Both analyses were executed
in Python3 using the libraries: pandas, sklearn and scipy.

3.2.4

Transcriptome abundance (RSEM) and expression level analyses (EBSeq)

These analyses were performed using previous transcriptome analyses as a reference (Gómez,
M. R. Woodcock, et al., 2020; Gómez, R. M. Woodcock, et al., 2018). Sequence reads from

Page 112

Chapter 3

Figure 3.2: a Pipeline followed for the transcriptome analyses. b Graph showing the stats
from two different assembly methods, Trinity (Orange) and ABySS (blue).
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the different plant tissues were aligned to the reference transcriptome using Bowtie2
(Langmead and Salzberg, 2012) and RSEM (RNA-Seq by Expectation Maximization) was
used to obtain estimates of transcript abundance for all transcripts (B. Li and Dewey, 2011).
The resulting expression levels are calculated in terms of Transcripts Per Million (TPM).
Transcripts were considered differentially expressed between integuments and the other
tissues when TPM was ≥ 0.95 for at least a single tissue and fold change (log2FC) was ≤ -2
and ≥ 2 with an FDR p ≤ 0.05 (Fold Discovery Rate). Differentially expressed genes were
further analyzed with Blast2Go (v 5.2.5) to identify the corresponding Gene Ontology (GO)
terms (Figure 3.2a). Results were plotted using different Python libraries (i.e. Matplotlib,
Seaborn; Figure 3.2a).

3.3

Results

3.3.1

Transcriptome assembly

A de novo reference transcriptome of Gingko biloba was generated from RNAs isolated from
young ovule, integument, megagametophyte, collar, pollen cone and leaf. Total RNA of these
tissues was sequenced separately to identify genes expressed in the ovule early in its
development (i.e. sample of young ovule), as well as in each of the tissues of a mature ovule
(i.e. integument, megagametophyte and collar). Since the interest was in the genes specific
to the ovule, the pollen and leaf samples were used for comparisons. Using Trinity software,
86.050 transcripts were obtained, with an average GC content of 41.52% and with a
maximum assembled contig length of 18726. To improve the quality of the assembly, the
contigs were mapped to the initial assembly with ABySS. This gives a final total of 53970
transcripts (Table 3.1). Based on read coverage, the E90N50 statistic was 1.3Kb
(supplementary fig. B.1), the reference transcriptome contained 86.9% of the conserved
Embryophyte genes using BUSCO annotation (supplementary fig. B.2). Samples were
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compared with a Principal Component Analysis (PCA) which shows that the integument
and the megagametophyte are the most dissimilar samples in the data set in terms of gene
expression (Figure 3.3a). But the hierarchical clustering shows the similarities among
samples, where the integument is the most different sample with longer distance (Y-axis) but
it is in the same cluster with the megagametophyte which is also different from the other
samples (Figure 3.3b). Leaf, pollen cone, collar and young ovule samples form a cluster
where, the collar and young ovule are very similar to each other (Figure 3.3b).
Parameter

Number

Total trinity transcripts

86050

Total trinity ’genes’

46636

%GC

41.52

Longes contig (bp)

18,726

shortest contig

201

Number of contigs ≥ 200 bp

86050

Number of contigs ≥ 1Kb

46316

Number of contigs ≥ 5kb

2488

Number of contigs ≥ 10Kb

117

Number of predict ORFs (transdecoder)

67040

Stats After Re-assembly with ABySS:
Total transcripts After reassebly-AbySS

53970

Contigs longer than 200

36979

Contigs longer than 1kb

14685

Contigslonger than 5kb

364

Contigs longer than 10kb

17

Number of predict ORFs (transdecoder)

36979

Table 3.1: Ginkgo biloba reference transcriptome stats
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Figure 3.3: Ginkgo normalized TPM values used to perform a a PCA analysis. And b
hierarchical clustering.

3.3.2

Differentially expressed genes in Ginkgo biloba tissues

To identify differentially expressed genes (DEG) in the integument of Ginkgo biloba that
possibly play significant role in its identity, exhaustive transcriptome analyses were carried
out in different plant tissues (i.e. young ovules, integument, megagametophyte, collar, pollen
cone and leaf, with three biological replicates; Figure 3.4a). As this study is focused on the
development of the integument, DEG were filtered by statistical significance (FDR p ≤ 0.05)
followed by a comparison of all tissues against integument. It was found that most of DEGs,
that belong to the ovule genetic network, seem to be similarly upregulated in all tissues
(Figure 3.4b). Subsequently, to focus on genes with a larger change (log2FC ≤ -2 and ≥ 2),
a Fold Change threshold was added, which detected 2,137 DEG (Figure 3.4c). None of the
genes in the ovule regulatory network passed this filter (see Chapter 2).
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3.3.3

Transcription factors DE in integument

To assign homology, all DEGs were subjected to a gene ontology (GO) enrichment using
Blast2GO (www.blast2go.com/; supplementary fig. B.3). The category of genes of main
interest in this analysis is that of genes which translate into proteins and that have the
ability to control transcription levels by its DNA binding function or transcription factors
(TF). 134 DEGs were detected as TF and the differential expression of each of these TF
within tissues was also compared (Figure 3.4d). Of these TFs, compared to other tissues, 21
are found to be largely upregulated in the integument (supplementary table B.6- B.7).
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Figure 3.4: Ginkgo transcriptome analyses. a Ginkgo biloba showing how the samples were
dissected; red dotted line showing the integument, the sample of interest. b Heatmap of the
gene candidates (see Chapter 2). c Cluster map of the 2,137 DEG showing a change between
log 2FC ≤ -2 and ≥ 2.
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Figure 3.4 legend continuation (previous page): d DE transcription factors. e Venn
diagram comparing DEG between Young ovules and Integument samples. f Venn diagram
comparing DEG between megagametophyte and integument.
The upregulated TF in the integument include: an ankyrin repeat containing protein-, two
AP2-like ethylene-responsive transcription factors (more similar to WRINKLED 3 (WRI3);
AT1G16060), an ASYMMETRIC LEAVES 2-like protein 37 more similar to AT3G47870), a
DCN1-like protein 4, a dehydration-responsive element-binding protein 2D-like, two
ethylene-responsive transcription factors (ERF018 and RAP2-12-like, more similar to
LOC9323630 in A. lyrata and AT1G53910 respectively) an inositol 3-kinase protein (more
similar to ARALYDRAFT 495998 in A. lyrata), an ARABIDILLO 1-like protein (more
similar to AT2G44900), three argonaute pe (argonaute 2-like, argonaute 7 and argonaute 10;
more similar to AT1G31280, ARALYDRAFT 476072 in A. lyrata, AT5G43810, respectively),
two FANTASTIC FOUR 3-like homologs (similar to AT5G19260), a sequence similar to
protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1-like (more similar to LOC110224875
in A. lyrata), a SKP1-like protein 1B (similar to ARALYDRAFT 917589 in A. lyrata), an
Ubiquitin-associated domain/translation elongation factor EF-Ts zinc finger CCHC
domain-containing protein 10-like, and two zinc finger proteins (GIS3-like and ZAT4-like;
more similar to AT1G68360 and ARALYDRAFT 483645 in A. lyrata respectively).
Additionally, compared to all the other tissues, in the integument there are 97 downregulated
transcription factors. Among them, there are members of the AP2, RAV1-like, WRKY and
MYB-like gene families (supplementary table B.8 - B.11).

3.3.4

DE Genes throughout integument development

When analyzing the genes differentially expressed in the young ovule, we found 188 DE
genes (DEG) (supplementary fig. B.4). By comparing the results of the samples of young
ovules and integument, it is possible to detect genes that are expressed throughout
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integument development (from early stages of the ovule to the mature integument). Out of
13 identified genes in the two samples (Figure 3.4e), three are unknown genes (no hits
retrieved), one is an ASIL1-like transcription factor, two have pathogenic activity, another is
a SWEET-4 like gene, a sugar transporter, an aspartic proteinase nepenthesin-2, as well as a
single laccase, aspartyl protease family protein 2, a probable alpha-amylase 2, and
auxilin-related protein 2-like (supplementary table B.12).

3.3.5

DE Genes between megagametophyte and integument

In Arabidopsis thaliana, the seed coat begins to differentiate after fertilization and there is a
bidirectional process involving cross-talk between the endosperm and the seed coat required
for proper seed development (Figueiredo and Köhler, 2014; Garcia, Gerald, et al., 2005;
Ingram, 2010; Johnson et al., 2002). There is no evidence to support whether this crosstalk
also occurs in gymnosperms. To identify the genes that might play a role in the
megagametophyte – seed coat crosstalk, comparisons to detect DE genes between these two
tissues were performed, thus laying the foundations for future studies in the area.
With an independent analysis I identifyed that in the megagametophyte, 2,139 genes are DE
(supplementary fig. B.5). From those DE genes, 1506 are expressed only in the
megagametophyte while, 632 DE genes were found expressed in both, the megagametophyte
and the integument. These comparisons were performed to suggest possible candidate genes
involved in cross-talk between these tissues (Figure 3.4f).

3.3.6

Gene expression comparison between leaf and integument

To detect differences and similarities among the levels of expression of the genes that are
expressed in the leaves and the integument, a specific analysis comparing these two tissues
was performed. Showing that in fact, the expression patterns among these tissues are very
different (Figure 3.5). It is clear that there are major differences between the genes that
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show a major change (very low or very high expression). And even though there are genes
with not such a large change, these are also deferentially expressed (Figure 3.5a). It is
important to highlight, that within the genes found DE in the integument (see section 3.3.3)
none are part of the known leaf developmental network of angiosperms (reviewed in Fleming,
2005; Tsukaya, 2013).

Figure 3.5: Comparisons between the DEG found in the leaf and integument samples. a
cluster map. b Heatmap.

3.3.7

Putative genes involved in collar development

The collar is a structure unique to Ginkgo, it is vegetative tissue that is not homologous to
any structure found in any other plant species (see section 2.3.6; A. Douglas et al., 2007).
The genes involved in the development of the collar have not been characterized. Therefore,
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using our extensive sequencing analyses, we performed an independent analysis to identify
DE genes in the collar (Figure 3.6a). In comparison with all other tissues, 181 DE genes
were detected (Figure 3.6b) of which 33 are up-regulated in the collar and 105 are
down-regulated (supplementary table B.13- B.14).
The annotation of these sequences revealed that 57 are unknown genes, and 14 have DNA
binding activities (Figure 3.6c, d; Supplementary Table 7). Among the up-regulated genes, I
was able to identify three gene paralogs similar to TAO1 (AT5G44510) which is a protein
that contributes to disease resistance induced by Pseudomonas syringae effector AvrB; two
genes similar to a TMV resistance protein N, that protects the plant against pathogens; a
FT interacting protein; a somatic embryogenesis receptor kinase 1-like gene (SERK1;
AT1G71830), which is an important checkpoint for sporophytic development, controlling the
production of male gametophytes; a ITN1-like protein containing ankyrin repeat
(AT3G12360) involved in salt tolerance. Eight of the up-regulated genes are unknown
(Supplementary Table 7).

3.3.8

Differentially expressed FANTASTIC FOUR homologs

Among the 21 transcription factors upregulated in the integument, one gene family resulted
of particular interest as they repress WUSCHEL genes (WUS ; Wahl et al., 2010); two
FANTASTIC FOUR (FAF)- like transcripts were found up-regulated in the integument of
Ginkgo. To corroborate the homology of these transcripts, a detailed phylogenetic analysis of
this family of transcription factors was performed here. It was possible to identify that only
one sequence was a FAF homolog, referred herein as GibiFAF. A duplication event occurred
before the diversification of angiosperms giving rise to clades FAF1/2 and FAF3/4. In
addition, two Brassicaceae-specific duplication events were detected in each clade, resulting
in the clades FAF1, FAF2, FAF3 and FAF4 respectively (Figure 3.7a). And that the
gymnosperm homologs are pre-duplication genes. Moreover, GibiFAF is highly expressed in
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Figure 3.6: a Dissection performed in Ginkgo, the collar is shown in read as it is the interest
of these comparisons. b Cluster map of the DEG in the collar. c Gen Ontology results
showing genes involved in biological processes. d Gene Ontology results showing genes acting
as cellular component.
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the integument of Ginkgo and less strongly expressed in the pollen chamber (Figures 3.7b, c).
GibiFAF does not appear to be expressed in the pollen cones or leaves (Figures 3.7d, e).

3.4

Discussion

In this study, the first de novo reference transcriptome of ovule development in Gingko biloba
is presented. Ginkgo ovules exhibit various notable morpho-anatomical characteristics in
comparison to model species (angiosperms) including its fleshy integument (Chamberlain,
1935; A. Douglas et al., 2007; Takaso, 1980). The morpho-anatomical development of these
ovules, with emphasis on integument development, has been reported also (see chapter 2).
Although these ovules are unique, they share some similarities with other gymnosperm
ovules like the presence of a single integument thus, it is possible that the differentially
expressed genes (DEG) identified here may also be involved in ovule development in other
gymnosperms.
To have a better understanding of the integument genetic network, initially described for the
ovules of Arabidopsis, which includes: WUSCHEL (WUS ; Groß-Hardt et al., 2002; Sieber
et al., 2004), AINTEGUMENTA (ANT ; Baker et al., 1997; Elliott et al., 1996; Gasser,
Broadhvest, et al., 1998; Klucher et al., 1996), BELL1 (BEL1 ; Bencivenga et al., 2012;
Brambilla et al., 2007; Modrusan et al., 1994; Ray, Robinson-Beers, et al., 1994; Reiser,
Modrusan, et al., 1995; Robinson-Beers et al., 1992), KANADI (KAN ; Bowman, Eshed,
et al., 2002; Kerstetter et al., 2001; Leon-Kloosterziel et al., 1994; McAbee, Hill, et al., 2006),
UNICORN (UCN ; Enugutti, Kirchhelle, Oelschner, et al., 2012; Enugutti, Kirchhelle, and
Schneitz, 2013) and Class III HDZip’s (Kelley, Skinner, et al., 2009; Sieber et al., 2004), I
carried out analyses to examine if the Ginkgo homologs, found in the transcriptome, were
differentially expressed in the integument. GibiANT is clearly not up-regulated in the
integument (Figure 3.4b). The other homologs seemed to be also up-regulated. However,
after further filtering of the data (with FC ¡ -2 and ¿ 2), these genes were not retrieved,
Page 124

Chapter 3

Figure 3.7: a Maximum Likelihood analysis of the FAF genes; yellow stars showign major
duplication events. b-e in situ hybridization of FAF homologs in Ginkgo. Note no expression
is detected in the pollen cone (d) or in the leaf (e).
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indicating that these genes do not have such a large change (Figure 3.4c). In fact, the
transcriptome analyses corroborate the results obtained with comparative expression studies,
showing that these genes are not particularly highly expressed in the integument (see
chapter 2).

3.4.1

Transcription factors putatively involved in integument/ seed coat
development

Development is often controlled by TFs acting as switches of regulatory cascades due to their
DNA-binding function (M. P. Scott, 2000). The main sources of diversity and of changes
underlying evolution are the alterations in the expressions of genes coding for transcriptions
regulators (Carroll, 2000; Riechmann et al., 2000). Differentially expressed genes that show a
significant and large change in the integument include 2,137 transcripts (Figure 3.4c).
Thus, to detect possible genes involved in integument development the subsequent analyses
focused on the 134 TFs detected in this set of differentially expressed genes (DEG) (Figure
30d). It is important to highlight that more genes were downregulated compared to those
upregulated (Figure 3.4d, supplementary tables 4, 5) suggesting that the genetic regulatory
network (GRN) of integument development requires the repression of more genes.
Among the upregulated transcription factors, some show similarities to Arabidopsis
homologs that have been identified to function or to be expressed during seed development.
WRINKLED 3 (WRI3 ) for instance is a transcription factor belonging to the basalANT
grade (Kim et al., 2006) and which is closely related to WRI1 and WRI4. Although WRI1
is the better studied homolog, all three paralogs affect the development of the seed coat,
specifically the epidermal layer as well as the development of the embryo, as they are
involved in the regulation of the fatty acid biosynthetic pathway (Baud et al., 2009; Cernac
and Benning, 2004; Tajima et al., 2013; To et al., 2012). WRI function appears to go
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beyond regulation of metabolism as in the wri1 mutant, the seed shows wrinkled appearance,
the outer integument cells are clearly shriveled and seedling development is abnormal, which
is consistent with an extension of the embryonic state of developing seeds during oil
accumulation (Cernac and Benning, 2004). This function of oil synthesis in the seed,
affecting its external appearance, seems to be conserved in grasses such as maize and rice
(H. Jiang et al., 2012; Mano et al., 2019; Pouvreau et al., 2011). Information on WRI3 and
WRI4 paralogs is limited, even for Arabidopsis, however, their expression seems to be
restricted to seeds (Figure 3.8). Based on the DEG analysis performed, it is likely that the
function in seed development is conserved in Ginkgo biloba, possibly affecting the
biosynthesis of oils that allow the Ginkgo integument to become fleshy (see section 2.3.6).
In the integument, another key upregulated gene is similar to FANTASTIC FOUR 3 (FAF3 )
from Arabidopsis (Figure 3.4d; Supplementary table 4). FAF genes are a plant-specific gene
family with four paralogs in Arabidopsis: FAF1 to 4 (Wahl et al., 2010). The FAF genes are
known for their ability to regulate the size of the shoot apical meristem and expression in a
young developing seed has only been assessed for FAF1 and FAF2 (Figure 3.9; Wahl et al.,
2010). Ginkgo sequence homology was corroborated with a Maximum Likelihood analysis
including homologs across seed plants (Figure 3.7a), showing that there are three duplication
events, one before the diversification of all angiosperms giving rise to two clades: FAF1/2
and FAF3/4 ; in addition, there is a Brassicaceae-specific duplication event in each of those
clades. Thus, gymnosperms are pre-duplication homologs (Figure 3.7).However, its function
in the meristem is due to its ability to repress WUS. Moreover, Arabidopsis FAF2 and FAF4
expression overlaps with WUS in the shoot apical meristem (Wahl et al., 2010). All these
characteristics suggest that FAF homologs may play a role in seed development as well.
Expression analyses in Ginkgo indicate that GibiFAF is expressed at higher levels in the
integument (Figure 3.7b, c) and not in the pollen cone or leaves (Figure 3.7d, e)
corroborating the analysis of DEGs (Figure 3.7d). Additionally, expression in the integument
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overlaps that of GibiWUS (see chapter 2: Figure 2.11;) suggesting that GibiFAF might be
repressing it in the integument. But this repression is not maintained in the nucellus where
GibiWUS is also highly expressed but GibiFAF is not, as it was detected with both in situ
hybridization and transcriptomic data (see chapter 2: Figure 2.11; Figure 3.4b). Altogether,
these analyses suggest that GibiWUS functions in nucellar development, is most likely
conserved in Ginkgo as well, and that GibiFAF is a regulator of integument development in
Ginkgo.

3.4.2

Signaling between the integument and the megagametophyte

In angiosperms, the development of the seed is the result of a coordinated process between
the integuments (maternal tissues) and the two fertilization products: the embryo and the
endosperm, these structures have a synchronized growth that requires their constant
communication (Figueiredo and Köhler, 2014). In Arabidopsis, it has been shown that the
endosperm is the signal that initiates the differentiation from integument to seed coat
(Figueiredo and Köhler, 2014; Ingouff, Jullien, et al., 2006; Roszak and Köhler, 2011; Weijers
et al., 2003). Thus, the development of the endosperm is necessary for the initiation of seed
coat growth, whereas the embryo by itself, on the other hand, does not trigger the
development of the seed coat (Roszak and Köhler, 2011). It is assumed that this
bidirectional communication is conserved across all angiosperms with double fertilization
(Verdier et al., 2013).
This bidirectional communication has not been discussed in gymnosperm ovule-seed
development which could be due to several reasons: 1) In gymnosperms, ovule to seed
development is a slow process that takes several months (Favre-Duchartre, 1958), the process
of transformation of the integument into seed coat begins before fertilization
(Favre-Duchartre, 1958; H. Singh, 1978); 2) The integument is usually physically separated
from the nucellus for most of its length, so a direct cross-talk between integument/nucellus
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Figure 3.8:

Expression patterns of WRINKLED Arabidopsis paralogs, in different

plant tissues (left) and in different seed stages (right). Obtained from the eFPBrowser
(http://bar.utoronto.ca/efp2/Arabidopsis.html).
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Figure 3.9:

Expression patterns of FAF Arabidopsis paralogs, in different plant

tissues (left) and in different seed stages (right).

Obtained from the eFPBrowser

(http://bar.utoronto.ca/efp2/Arabidopsis.html).
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should only occur at the proximal end of the ovule (see section 2.3.6); And 3) in Ginkgo, as
in most gymnosperms, double fertilization does not occur, thus the nutritive tissue is haploid
instead of triploid like in angiosperms. This is a key difference as there are no paternal genes
present in the nutritive cells, which also have an impact on the seed coat formation in
angiosperms (Chamberlain, 1935; H. Singh, 1978; Takaso, 1980).

3.4.3

Collar development genes

The homology of the collar has been widely debated. Hypotheses suggest that the collar is
homologous to a leaf (Coulter and Chamberlain, 1910; Crane, 1985; Doyle and
M. J. Donoghue, 1986; Doyle and Hotton, 1991), to an aril (Strasburger, 1879) or that it is a
unique tissue (Goebel et al., 1887; K. R. Sporne, 1971). Focused on this same structure,
morpho-anatomical analysis maintains that the collar is an independently derived character
and that it is not homologous to an aril or a leaf, and therefore it is a structure unique to
Ginkgo (A. Douglas et al., 2007). To date, no study has suggested which genes are expressed
in the collar. Yet through the differential expression analysis performed in this study it was
possible to detect 181 up- and down-regulated genes that are mostly likely part of the collar
genetic network (Figure 3.6). Interestingly, 57 of those DEG have not been annotated,
meaning that they have no similarities or detectable homologs in other lineages (M. Long
et al., 2003; Tautz and Domazet-Lošo, 2011), which may be an artifact due to the limited
number of genomes currently available for closely related species. Or, that they could be
Ginkgo-specific genes, known as taxonomically restricted genes (Khalturin et al., 2009;
Wilson, Bertrand, et al., 2005; Wilson, Feil, et al., 2007).
It has been shown that taxonomically restricted genes play a role in specific novelties,
generating morphological diversity (Khalturin et al., 2009). Thus, it would make sense to
deduce that in a structure, unique to Ginkgo, the genetic network would also be formed by
multiple taxon-specific genes.
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3.4.4

Integument and ovule development genetic network across seed plants

As shown in Chapter 2, there are major changes in the genes involved in integument
development across seed plants. The seed (megasporangium covered by the integument(s)) is
the synapomorphy of all seed plants, however, given the vast morphological diversity and
major changes that have occurred in seed plants, it is not surprising that the genetics behind
ovule development is not conserved (see chapter 2). Differential expression analyses through
extensive transcriptome sequencing, allowed me to detect potential genes involved in
integument-seed coat development (i.e. WRI and FAF ). The results of this chapter are
primarily exploratory, providing a solid basis for future studies in ovule development of
gymnosperms.
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Transcriptome analyses and Differentially Expressed Genes in the
fleshy bracts of Ephedra antisyphilitica and dry bracts of Ephedra
californica

4.1

Introduction

Gnetales is one of the most extraordinary lineages of seed plants (i.e., Cycadales, Ginkgoales,
Coniferales and angiosperms). Usually dioecious, with unisexual cones born in the axils of
bracts with the ovule surrounded by 1-2 envelopes and the integument (Eames, 1952;
Kubitzki, 1990; Lam, 1948). With three genera within Gnetales, Ephedra is sister to Gnetum
and Welwitschia, and it is the most diverse among the three, distributed in the desertic
regions of the new and old world (S. Ickert-Bond, Skvarla, et al., 2003; S. M. Ickert-Bond
and Renner, 2016; Stapf, 1889). The morphology of Ephedra is very peculiar; it is a small
shrub, climber or small tree; with green stems, scale-like leaves, and strobili with 2-8 pairs of
decussate bracts, where the proximal are sterile and the distal bracts are fertile. Within the
fertile bracts of the staminate strobili, the antherophore is stalked consisting of two fussed
microsporophylls bearing 2-8 stalked or sessile synangia (Cutler, 1939; S. Ickert-Bond,
Skvarla, et al., 2003; M. Mundry and Stützel, 2004). In the ovulated strobili, the distal pair
of bracts enclose one to three seeds, each surrounded by the integument forming a
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micropylar projection which produces a pollination droplet (Eames, 1952; S. M. Ickert-Bond
and Renner, 2016; Kubitzki, 1990).
In addition, there is morphological variation in the bracts surrounding the seeds among
Ephedra species that may impact seed dispersal mechanisms. Indeed, the fleshy bracts
attract birds and lizards, that ensure the dispersal of the seeds (Rodrıguez-Pérez et al.,
2012); dry winged bracts ensure dispersal by the wind; and seeds with membranous bracts
are dispersed by rodents (Hollander and Vander Wall, 2009; Hollander, Vander Wall, and
Baguley, 2010; S. M. Ickert-Bond and Renner, 2016; Loera et al., 2015).
The bracts associated with the ovule, have been described by many authors as integuments,
which for Eames (1952) is ‘unfortunate’, because this term suggests homology with the outer
integument of angiosperms; adding that there is not morpho-anatomical evidence suggesting
that the bracteoles are in fact integuments (Eames, 1952; S. Ickert-Bond and Rydin, 2011;
S. M. Ickert-Bond and Renner, 2016).
Several MADS-box genes known to be involved in ovule development, have been studied in
gymnosperms with fleshy seeds such as Cycas, Ginkgo, Taxus and Gnetum. The evolution of
MADS-box genes has been thoroughly studied across land plants (Theissen, Becker, et al.,
2000). Specifically, AG, AGL6 and B-sister genes have been reported across seed plants
(Becker, Saedler, et al., 2003; Erdmann et al., 2010; Lovisetto, Guzzo, Tadiello, et al., 2012;
Mouradov et al., 1999; Tandre et al., 1998). In angiosperms, genes such as AGAMOUS (AG)
and SEPALLATA (SEP ) are known to be involved in carpel and fruit development in
angiosperms (Krizek and Fletcher, 2005; Pelaz et al., 2000; Yanofsky et al., 1990). In
gymnosperms, such as Ginkgo and Taxus, AG-like homologs are known to be involved in the
development of reproductive structures: ovules and pollen cones (Becker, Saedler, et al.,
2003; Englund et al., 2011; Lovisetto, Guzzo, Tadiello, et al., 2012; Tandre et al., 1998). SEP
genes, on the other hand, do not seem to have direct homologs in gymnosperms, but its
sister clade AGL6 does (Mouradov et al., 1999; Winter et al., 1999). The AGL6 homologs,
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GbMADS1 and GbMADS8, have been reported to be putatively involved in the development
of the integument in Ginkgo as well as in the ovule and aril in Taxus baccata (Lovisetto,
Guzzo, Tadiello, et al., 2012). However, no expression was found in the ovules of Gnetum
gnemon (Becker, Saedler, et al., 2003; Winter et al., 1999).
Likewise, there are two B-sister genes, also belonging to the large MADS-box transcription
factor family (Becker, Bey, et al., 2002; De Folter et al., 2006; Nesi et al., 2002), specific to
Brassicaceae: TRANSPARENT TESTA 16 (TT16 ) and GORDITA (GOA), with
pre-duplication genes identified in seed plants (Erdmann et al., 2010; Nesi et al., 2002).
B-sister genes, are involved in the correct differentiation of ovule/seed but also in fruit
development (De Folter et al., 2006; Mizzotti et al., 2012; Nesi et al., 2002; Prasad,
X. Zhang, et al., 2010; K. Yamada et al., 2009) and are also found expressed in the ovule of
Ginkgo biloba (Lovisetto, Guzzo, Busatto, et al., 2013). However, the putative function of
B-sister genes in ovule development in gymnosperms seems to be more intricate since no
expression is detected in Taxus baccata (Lovisetto, Guzzo, Busatto, et al., 2013).
AG, AGL6 and B-sister genes are known to be involved in ovule development in seed plants
and have been found expressed in the fleshy tissues of some gymnosperms. The study of
these genes in Ephedra species with different bract morphologies, dry or fleshy provides an
excellent framework for a better understanding of the role of these MADS-box genes may
play in ovule and ultimately, find out whether they are functionally conserved across seed
plants.
The phylogenetic position of Ephedra, as a member of Gnetales, is still unclear and could be
key for understanding the evolution of seed plants. Its morphological traits places Gnetales
as the sister group of angiosperms, however, this does not agree with the molecular data
(Crane, 1985; Doyle and Hotton, 1991; Goremykin et al., 1996; Hamby and Zimmer, 1992;
Kuzoff et al., 1998; D. Soltis et al., 2018; P. S. Soltis et al., 1999). It should be noted that
Ephedra is the only group of gymnosperms which includes small species with a relatively
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rapid transition to the reproductive stage, i.e Ephedra monosperma is a small shrub, up to
20cm long, with a pair of fleshy bracts surrounding the seed. In addition, it has been
reported that Ephedra gerardiana takes around four months to produce viable seeds, from
when the cones are first recognizable until germination which is relatively fast for a
gymnosperm (Chambers, 1977). These characteristics make it attractive as a possible model
species; however, the disadvantage is that it also has one of the largest genomes among
gymnosperms (i.e., 8.09–38.34 pg/1C; S. M. Ickert-Bond, Sousa, et al., 2020).
For our analyses, I investigated the different seed morphologies (including bracts) of two
species of Ephedra to: i) detect the genes involved in the development of the bracts; ii)
detect similarities and differences in gene expressions; and iii) generate fundamental
molecular information for members of the genus with the greatest potential to become a
model gymnosperm species. I used RNA-seq, a methodology known for its efficiency in
generating large-scale molecular information for addressing questions in non-model species
(Arenas-Gómez et al., 2018).
The results presented here include the identification of differentially expressed genes (DEG)
in the species E. californica and E. antisyphilitica. However, the analyses focused more on
transcription factors (TFs), due to their DNA-binding function and their critical role they
play in development since TFs are able to act as switches of regulatory cascades
(M. P. Scott, 2000).
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4.2

Methods

4.2.1

Collection of plant material for RNAseq, total-RNA extraction for
Ephedra spp. and Illumina sequencing

Ephedra californica ovules and shoots were collected in RNA-later at the Rancho Santa Ana
Botanical Garden (RSABG; collection number: 7842). Additional samples (biological
replicates) of shoots, ovules and pollen cones, were collected in the field (voucher : United
States, California, Whitewater, Whitewater Canyon Rd, on the road to the entrance to the
preserve No. 15-17. February 2018, Zumajo-Cardona C. and Mayer R, NYBG). Ephedra
antisyphilitica shoots, ovules and pollen cones were collected in liquid nitrogen in the field
(voucher : United States, Texas, Palo Pinto Mountains State Park No 18-21.
Zumajo-Cardona C., Vasco A., Bordelon A., and O’Kennon B, NYBG).
A total of five different samples for each Ephedra species were processed for sequencing with
three biological replicates each, and dissected into bracts, young ovule cones, ovules, pollen
cones and shoots as the leaves are inconspicuous (total of 15 samples sequenced per species;
Figure 4.1). The experiment was conducted to compare the different parts of the plant, to
identify their differences, with special focus on the bracts surrounding the ovule. Tissue was
ground in liquid nitrogen and total RNA was extracted using PureLink Plant RNA Kit with
Plant isolation aid (ThermoFisher Scientific).
The quality of the total RNA was assessed using a Qubit® 2.0 (ThermoFisher Scientific)
and an Agilent Technologies 2100 Bioanalyzer. High quality total RNA was used for
preparing transcriptome libraries (Ratio A260/A280 ≈ 2 and RIN ≥8). RNA-Seq libraries
were prepared using NEBNext Poly(A) mRNA Magnetic Isolation Module Library Prep Kit
(New England Biolabs) and the resulting libraries were paired-end (PE) sequenced (2 x 150
bp) using an Illumina HiSeq2000. The average sequencing depth for each sample was 40
million reads (supplementary fig. C.1).
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Figure 4.1: Photographs of the species and representation of the bioinformatic methods
used. a Ephedra californica ovules and pollen cone. b Ephedra antisyphilitica ovules and
pollen cone. c Data treatment pipeline for identifying DE genes in Ephedra species.

4.2.2

De novo transcriptome assembly and gene annotation in Ephedra

The quality of raw reads was assessed using FastQC (Figure 4.1b; Andrews, 2010). Sequence
adapters and low-quality reads (Phred score ¡ 5) were removed using Trimmomatic (V 0.36)
with all the default parameters (Bolger et al., 2014). Reads were assembled using Trinity
pipeline (V 2.8.4; Haas et al., 2013). A reference transcriptome was assembled using all
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contigs with length ≥200 nucleotides from all RNA samples. The quality of the
transcriptome assembly was assessed based on the calculated E90N50 contig length. The
reference transcriptome was annotated using DIAMON (Buchfink et al., 2015). Contigs were
searched against bacterial and fungal databases, mainly associated with soil and plants,
sequence databases compiled from UniProt (uniport.org) in order to identify possible
contaminants. Sequences with an identity of ≥50% were removed from the reference
transcriptome (E. californica N = 3405; E. antisyphilitica N= 3229). Transcriptome quality
was assessed with contig length and BUSCO annotation the resulting assembly was used for
the following steps. The long open reading frames (ORF) were predicted using TransDecoder
(v 3.0.0) software (Haas et al., 2013). For gene annotation, Ephedra contigs were searched
against several land plant protein coding sequence databases (Amborella trichopoda:
AMTR1.0 13333, Arabidopsis thaliana: TAIR10 3702, Capsicum annuum: ASM51225v2,
Ginkgo biloba: NCBI:txid3311, Gnetum montanum: NCBI:txid3381, Oryza sativa:
IRGSP-1.0, Picea abies: NCBI:txid3329, Selaginella moellendorfii : V1.0 88036, Vitis
vinifera: 12X 29760; available through Ensembl and PLAZA for gymnosperms; Figure 4.1b).

4.2.3

Construction of phylogenetic trees of candidate genes putatively involved
in development of fleshy tissues

AGAMOUS, AGL6 and B-sister (TT16 and GORDITA, GOA) sequences from Arabidopsis
were used to perform the initial BLAST search (AG= At4g18960; AGL6 = At2g45650;
AGL13 : At3g61120; TT16 : At5g23260 and GOA: At1g31140). The search was focused on
the gymnosperms from the OneKP database (https://db.cngb.org/onekp/) and the Ephedra
transcriptomes generated here (see section 4.2.1; these sequences will be deposited in the
GenBank). The sequences were compiled and kept in the open reading frame using AliView
(Larsson, 2014). The nucleotide sequences were aligned with MAFFT using a gap penalty of
3.0, an offset value of 0.5 (https://mafft.cbrc.jp/alignment/software/; Katoh et al., 2002).
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Maximum Likelihood (ML) phylogenetic analyses using the nucleotide sequences were
performed using RaxML-HPC2 BlackBox (Stamatakis et al., 2008) available on the CIPRES
Science Gateway portal (M. A. Miller et al., 2012). The resulting tree was finally observed
and edited using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/). The outgroups used for
the AGL6/ AGL13 phylogeny were closely related genes from Arabidopsis (FRUITFULL =
At5g60910; APETALA1 = AT1G69120 and CAULIFLOWER = At1g26310). For AG, the
outgroup used was an Algae, Chara globularis, MADS-box sequence (CgMADS1 =
AB035567.1) and AGL6, AGL13 from Arabidopsis. The outgroup used for the B-sister
phylogeny is the Arabidopsis AG homolog.

4.2.4

Transcriptome abundance (RSEM) and expression level analyses (EBSeq)

Sequenced reads from the different plant tissues were aligned to the reference transcriptome
using Bowtie2 (Langmead and Salzberg, 2012) and RSEM (RNA-Seq by Expectation
Maximization) was used to obtain estimates of transcript abundance for all transcripts (B. Li
and Dewey, 2011). The resulting expression levels are calculated in terms of Transcripts Per
Million (TPM).
A Principal Component Analysis (PCA), with normalized TMP values, was used as it
preserves the global data structure by forming well-separated clusters, allowing to detect
major differences between samples but, it can fail to preserve the similarities within the
clusters. Thus, in addition, a hierarchical clustering analysis using a complete linkage
method, provided a dendrogram showing the relation between samples according to the
levels of gene expression. These analyses were executed in Python3 using the libraries:
pandas, sklearn and scipy.
Differential gene expression levels were assessed with EBSeq, using median normalized data
(Bioconductor; Leng and Kendziorski, 2020). Genes were considered to be statistically
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significant differentially expressed with a TPM ≥0.95 for at least one single tissue. Fold
change (log2FC) was calculated for bracts in relation to the other tissues, and only genes
with a large change were kept (log2FC ≤-2 and ≥2) and with an FDR p ≤0.05 (Fold
Discovery Rate). The differentially expressed genes were further analyzed with Blast2Go (v
5.2.5) to identify the corresponding Gene Ontology (GO) terms. Results were plotted using
different Python libraries (i.e. Matplotlib, Seaborn; Figure 4.1b).

4.3

Results

4.3.1

Transcriptome assembly statistics

This study focused on the genes specific to the ovule and surrounding structures (bracts). De
novo reference transcriptomes of Ephedra californica and Ephedra antisyphilitca were
generated from total RNA isolated from bracts, young ovulate cones, ovules without bracts,
pollen cones and shoots.
The total RNA of the different tissues was sequenced separately to identify the genes
expressed in the bracts characterized by different morphologies, dry for E. californica and
fleshy bracts for E. antisyphilitica. Using Trinity software, 64263 transcripts were obtained
for E. californica and with an average GC content of 41.14% (Table 4.1). Based on read
coverage, the E90N50 statistic was 1.4Kkb (Figure 4.1; supplementary fig. C.2), the
reference transcriptome contained 84.9% of the conserved Embryophyte genes using BUSCO
annotation (supplementary fig. C.3). For E. antisyphilitica, 59002 transcripts were obtained,
with an average GC content of 41.2% and with a maximum assembled contig length of 13825
(Table 4.2). Based on read coverage, the E90N50 statistic was 1.4Kkb (supplementary fig.
C.2) and the reference transcriptome contained 87.8% of the conserved Embryophyte genes
using BUSCO annotation (supplementary fig. C.3).
Using a PCA method and the resulting dendrogram, an initial comparison among E.
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Parameter

Number

Total trinity transcripts

59002

Total trinity genes

27095

%GC

41.2

Longes contig (bp)

13,825

shortest contig

201

Number of contigs ≥ 200 bp

59002

Number of contigs ≥ 1Kb

32891

Number of contigs ≥ 5kb

750

Number of contigs ≥ 10Kb

23

Number of predicted ORFs (Transdecoder)

60100

Table 4.1: Ephedra antisyphilitica Reference transcriptome Stats.
californica samples of the ovule and the pollen cone tissues shows major differences in terms
of gene expression levels (Figure 4.2a). Subsequently, the hierarchical clustering shows that
the bracts and the young ovulate cones share similar gene expression levels, forming a
cluster; whereas shoot, ovule and the pollen cone show greater distances and form another
cluster, stressing their differences in gene expression levels (Y-axis; Figure 4.2b). The
samples of E. antisyphilitica show different patterns. In this species, the levels of gene
expression in the ovule are largely different from the expression levels found in the pollen
cone, shoot, young ovulate cone and bracts, which, on the other hand, show small distance
between them forming one clusters (Y-axis; Figure 4.2e).

4.3.2

Specific search for AGAMOUS, AGL6 and B-sister gene homologs

AG, B-sister and AGL6 genes belong to the well-known MADS-box transcription factor
family, for which the evolution has been broadly studied mainly in angiosperms (Gramzow
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Parameter

Number

Total trinity transcripts

64263

Total trinity genes

27958

%GC

41.14

shortest contig

201

Number of contigs ≥ 200 bp

64263

Number of contigs ≥ 1Kb

35518

Number of contigs ≥ 5kb

553

Number of contigs ≥ 10Kb

6

Number of predicted ORFs (Transdecoder)

61200

Table 4.2: Ephedra californica Reference transcriptome Stats.
and Theissen, 2010). For this study, the maximum likelihood (ML) analyses presented here
focused on gymnosperms. The phylogenetic hypothesis of the AG gene lineage was
performed with 21 sequences, including 17 from gymnosperms and 5 from angiosperms; and
no major duplication event was identified in this gene lineage (Figure 4.3). While no AG
homolog was retrieved for E. californica, one homolog was found in E. antisyphilitica.
The AGL6 phylogenetic hypothesis includes 68 sequences, 56 from gymnosperms and 12
from angiosperms, with two major duplication events detected (Figure 4.4). One specific to
Brassicaceae giving rise to AGL6 and AGL13 (Lovisetto, Guzzo, Tadiello, et al., 2012). And
a duplication event that seems to have predated the diversification of gymnosperms.
However, since the homologs of Ginkgo and Cycadales are only found in one clade it is
difficult to trace exactly when the duplication occurred (Figure 4.4). Finally, homologs of the
two Ephedra species, EpanAGL6 and EcalAGL6, were retrieved.
ML analysis of B-sister genes was performed with 3 angiosperm sequences and 45
gymnosperm sequences (Figure 4.5). This clade includes the Brassicaceae specific clades
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Figure 4.2: PCA and Hierarchical clustering analyses for E. californica (a,b) and E.
antisyphilitica (c,d)
(Erdmann et al., 2010): GORDITA (GOA, also known as AGL63 ) and TT16 (also known as,
Arabidopsis B sister, ABS ). A thorough BLAST was performed looking for homologs in
Ephedra, but only two copies were retrieved from E. antisyphilitica and none from E.
californica (Figure 4.5).
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Figure 4.3: Maximum Likelihood analysis of AGAMOUS with emphasis in gymnosperms.
Bootstrap (BS) values are shown on top of the branches. Colors follow the top left convention.

4.3.3

Differentially expressed genes in Ephedra californica and Ephedra antisyphilitica tissues

Identification of differentially expressed genes (DEG) in the bracts of Ephedra spp, that
possibly play a significant role in their identity and their morphological differentiation, was

Page 145

Chapter 4

Figure 4.4: Maximum Likelihood analysis of the AGL6 gene lineage. Bootstrap (BS) values
are shown on top of the branches. Yellow stars pointing to major duplication events;
colors in the tree follow the top left convention.
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Figure 4.5: Maximum Likelihood analysis of the B-sister genes. Colors in the tree follow
the top left conversion. Bootstrap (BS) values are shown on top of the branches.
carried out through transcriptome analyses in different plant tissues (i.e., bracts, young
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ovulate cones, ovules dissected, pollen cones and shoots), with three biological replicates
(Figure 4.1a-b).
DEGs were filtered by statistical significance (FDR p ≤0.05), followed by a comparison of all
tissues against bracts, since the focus is on the development of the seed coat (bracts).
Subsequently, to reveal the genes with a larger change (log2FC ≤-2 and ≥2), a Fold Change
threshold was added, detecting 407 DEG in the bracts of E. californica and 524 DEG in the
bracts of E. antisyphilitica. (Figures 4.6a, 4.7a).

4.3.4

Transcription factors DE in the dry bracts of Ephedra californica

To assign homology, all DEGs were subjected to a gene ontology (GO) enrichment analysis
using Blast2GO (www.blast2go.com/). The category of genes of main interest in this analysis
are those which translate into proteins and that have the ability to control transcription
levels by its DNA binding function: transcription factors (TF). 23 DEGs were detected as TF
and the differential expression of each of these TF within tissues was also compared (Figure
4.6b; Supplementary table C.4- C.5). Of these TFs, compared to other tissues, seven are
found to be largely upregulated in the bracts (supplementary table C.4). These up-regulated
TFs include: two LRR receptor-like serine/threonine-protein kinase, one similar to GSO1
(similar to At4g20140) and the other similar to At1g51860 in Arabidopsis; a leucine-rich
repeat receptor-like kinase (similar to At1g35710 in Arabidopsis); one ethylene-responsive
transcriptome factor (similar to AT2G40220); one intracellular ribonuclease LX-like; a
non-specific lipid transfer protein AKCS9; and a Gag-Pol polyprotein. In addition, compared
to all the other tissues, in the integument there are 16 down-regulated transcription factors.
Among them, there are three histones (H2B, H3.2, H4) and three putative MYB-related
proteins (one Zm38-like and two 308-like; Supplementary table C.4- C.5).
To identify genes involved in the early development of the bracts, a comparison was made
among the genes differential expressed in the ‘young ovulate cone’ sample, including young
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Figure 4.6: Ephedra californica transcriptome analyses. a Cluster map of DEG. b Cluster
map of transcription factors DE. c Venn diagram comparing DEG between young ovulate
cones and bracts.
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Figure 4.7: E. antisyphilitica transcriptome analyses. a Cluster map of DEG. b Cluster
map of transcription factors DE. c Venn diagram comparing DEG between young ovulate
cones and bracts.
ovules and early developing bracts, and the sample named ‘bracts’ which corresponds to a
later stage in development when the bracts cover the entire longitude of the seed (older
bracts). In Ephedra californica 26 genes were found in both tissues (Figure 4.6c). Among the
shared genes found, there are nine unknown sugar transport proteins, abscisic acid
hydrolases, an AGL6 homolog and another MADS-box gene likely to be an AGL18 homolog
(supplementary table C.6).
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4.3.5

Transcription factors DE in the fleshy bracts of Ephedra antisyphilitica

Similarly, in Ephedra antisyphilitica, all 524 DEG were annotated to identify gene ontologies
(GO) using Blast2GO (www.blast2go.com/). Focusing on identifying transcription factors
(TF), 34 were detected (supplementary table C.7). Of these TFs 10 are upregulated, which
include six putative members of the DREB subfamily within the large ethylene-responsive
transcriptome factor family (five similar to ERF017, At1g19210; and one similar to
At2g40220); one putative serine/threonine-protein kinase; one TCP2-like; one WW
domain-binding protein 11-like and one unknown (Figure 4.7b; Supplementary table C.7 C.8).
There are 48 DE genes shared between the ‘young ovulate cones’ sample and the ‘bracts’
sample which may will allow me to identify genes that may be involved in bract development
from early stages (Figure 4.7c). Among these, there are 15 sequences unknown, and also
ethylene responsive transcription factors, R2R3-MYB-like genes, and a MADS-box
transcription factor (likely to be a TT16 homolog; supplementary table C.9 -C.10).

4.4

Discussion

The main interest of this study is to determine the genetic differences involved in the
development of two bract morphologies, dry membranous bracts in Ephedra californica and
fleshy bracts in Ephedra antisyphilitica (Eames, 1952; Kubitzki, 1990). Furthermore, Ephedra
exhibits notable differences compared to all other seed plants for which transcriptomes and
genomes are available (mostly angiosperms). It is important to note that this is the first
study assessing this subject and therefore it is essentially exploratory. The expression and
functional characterization of the genes detected here are still required to draw solid
conclusions on the subject.
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4.4.1

Major differences between seed developmental stages detected by overall
comparisons of gene expression level

To facilitate the visualization of large datasets, obtained for the two Ephedra species, a PCA
and the resulting dendrogram from the hierarchical clustering, are tools used for efficient
interpretation and comparisons. These clustering methods revealed for both species, a clear
difference between the levels of gene expression in early developing ovule to that of mature
ovule (Figure 4.2). The young ovulate cone, on the other hand, has early developing bracts
and young ovules, which would explain the similarities between the genes expressed in the
bracts and in the young ovulate cones. Indicating, possibly, that the bract regulatory
network is maintained throughout its development (Figures 4.2b, e).
Interestingly, in E. antisyphilitica, the regulatory network in the ovule appears to be
completely different from that shown in bracts and young ovulate cones, which seem to share
similarities in the gene expression levels with the shoots and pollen cones (Figure 4.1e).
Overall, these methods made it possible to better visualize the changes that occur in gene
expression levels as the seed matures (figure 4.2).

4.4.2

Candidate genes for fleshy-seed development: AGAMOUS, AGL6 and
B-sister genes, in Ephedra species

MADS-box genes have been broadly studied and their functions range from root
development to floral transition, to specification of floral organ specification to fruit
development (Gramzow and Theissen, 2010). Of particular interest are the MADS-box genes:
AGAMOUS, AGL6 and B-sister genes, which were initially characterized for their role in
the development of carpel and reproductive structures in gymnosperms and are also known
for their role in ovule development in seed plants (Y.-Y. Chen et al., 2012; De Folter et al.,
2006; Erdmann et al., 2010; Mouradov et al., 1999; Nesi et al., 2002; Theissen and Saedler,
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2001; Winter et al., 1999; P. Zhang et al., 2004). Several studies have assessed the expression
of AG homologs in gymnosperms, focusing mainly on the species that develop fleshy seeds.
In Cycas, AG is expressed in the outer layers of the integument (sarcotesta; P. Zhang et al.,
2004). In Ginkgo and Taxus, AG homologs are expressed throughout the ovule and seed
(Lovisetto, Guzzo, Tadiello, et al., 2012). In Gnetum, the AG homolog, GGM3, is found
expressed throughout the strobilus, including the ovule and pollen cones (Becker, Saedler,
et al., 2003).
AGL6 is the sister clade of SEPALLATA (SEP ), and unlike the SEP genes, AGL6 has
homologs across seed plants, which are expressed in the reproductive structures (Mouradov
et al., 1999; Winter et al., 1999). In Ginkgo and Taxus, the expression of AGL6 is in the
entire ovule, including the fleshy structures (Lovisetto, Guzzo, Tadiello, et al., 2012).
However, in Gnetum the same expression patterns are not found, where homologs are
expressed in the pollen strobili (cones) and the nucellus (Becker, Saedler, et al., 2003; Winter
et al., 1999).
In angiosperms, the B-sister genes have been shown to be involved in the development of the
seed coat, but the two paralogs of Arabidopsis TT16 and GOA, have different functions
(Becker, Bey, et al., 2002; De Folter et al., 2006; Kramer, Dorit, et al., 1998; Prasad,
X. Zhang, et al., 2010). Whereas TT16 functions in the endothelium (the inner layer of the
seed coat), GOA functions in the outer layer of the seed coat following a neo-functionalization
event (Erdmann et al., 2010; Prasad, X. Zhang, et al., 2010). In addition, these genes are
involved in the expansion of fruit cells (Prasad and Ambrose, 2010; Prasad, X. Zhang, et al.,
2010). Expression studies in gymnosperms show differences between species.
In Ginkgo, for instance, the TT16 homolog is expressed throughout ovule development and,
a role in seed ripening has been suggested. However, it does not seem to be involved in the
development of the fleshy aril of Taxus (Lovisetto, Guzzo, Busatto, et al., 2013) nor in the
fleshy seed of Gnetum. The Gnetum homologs, GGM2 and GGM15, are found expressed in
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the pollen strobili (Becker, Saedler, et al., 2003). Functional studies would be needed to
better understand the role of these genes during reproductive organ development and
whether they are also involved in the fleshy characteristic of these seeds.
My analyses of gymnosperms MADS-box gene analyses (Figures 4.3-4.5) show , for the first
time, a duplication event specific to gymnosperms in the AGL6 gene lineage (Figure 4.4).
An extensive BLAST search was performed in the Ephedra transcriptomes generated in this
study, revealing homologs for E.antisyphilitica. However, no AG or B-sister homologs were
retrieved for Ephedra californica. Several factors could explain the absence of these genes in
E. californica: 1) the expression levels are very low and therefore, more in-depth sequencing
would be required to detect it; 2) that AG and B-sister are expressed in tissues or organs
different to those from which transcriptomes were generated; 3) that there is a true gene loss,
which is difficult to assess, until more genomes become available (Figures 4.3, 4.5).

4.4.3

Key differences in gene regulation between vegetative (shoot) and reproductive tissues, including bracts, in Ephedra californica

In Ephedra, the leaves are extremely reduced and therefore the shoot is the main
photosynthetic organ of the plant (Eames, 1952; Kubitzki, 1990; Takaso, 1984, 1985).
Interestingly, from the analyses of the heatmaps in E. californica, significant differences in
gene expression levels are observed among the shoot and the other tissues (Figure 4.6).
In terms of transcription factors, several histone homologs are up-regulated in the bracts
compared to the shoot, such as histones H2B and H3 (Figure 4.6b). Like other histones,
these are involved in chromatin structure of eukaryotic cells and are susceptible to
post-transcriptional regulation (Cheung and Lau, 2005; Marzluff and Duronio, 2002; Sims III
et al., 2003). Histone H4, which is important to give structure to the DNA by forming a
heterotetromer with H3, is curiously downregulated (Lodish et al., 2008). H4 is a canonical
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histone expressed during synthesis (S) phase of the cell cycle. H2A, H2B and H3, on the
other hand, are expressed during all the phases of the cell cycle, suggesting that the bract
cells were not in active cell division at the time of collection (Henikoff and Ahmad, 2005;
Ingouff and Berger, 2010). Furthermore, several MYB-related proteins 308-like are also
up-regulated in the bract compared to the shoot. These proteins are known in Antirrhinum
to repress Phenylpropanoid and lignin biosynthesis (Tamagnone et al., 1998, Figure 4.5).
Thus, downregulation of MYB-related proteins 308-like in the shoot, is most likely
responsible for its strong lignification.
Of particular interest are the proteins that are up-regulated in bracts compared to the other
tissues (blue cluster; Figure 4.6b). There are several serine/threonine protein kinases that
are upregulated, including some putative LRR-receptor-like, GS01 and GS02, which together
are required during the development of the epidermal surface in embryos and cotyledons
(Tsuwamoto and Takahata, 2008). To make a better assessment of their putative function in
distantly related species like Ephedra, it is essential to have more information on these
proteins outside model species.

4.4.4

AGL6-like and other MADS-box transcription factors among the 26
genes putatively expressed throughout bract development

To propose genes likely involved in bract development from early developmental stages, genes
shared by young ovulate cone (including early stages of the bracts) and adult bracts were
identified (Figure 4.6c). Among the 28 genes found, some structural genes have been
identified here such as 60S ribosomal proteins L8 and L12, proteins involved in catabolic
processes such as RRP6-Like 3 (https://www.uniprot.org/uniprot/A9LLI8); one AGL6-like
homolog, and another putative MAD-box gene, suggesting that the MADS-box gene possibly
play a key role in bract development (supplementary table C.6).
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4.4.5

Several proteins containing an AP2-domain putatively involved in bract
development of Ephedra antisyphilitica

Among the 597 differentially expressed genes, there are several differences in the level of gene
regulation among tissues, which is evident in the heat map (Figure 4.7). Only in the bracts
of Ephedra antisyphilitica there are important transcription factors upregulated (blue
clusters, Figure 4.7b). Dehydration-responsive element-binding protein 2 (DREB2), is a
protein containing an AP2 domain as it is part of the DREB subfamily within the large
APETALA2/ethylene-responsive element-binding protein (Sakuma et al., 2002).
Members of the DREB family are induced by abiotic and biotic stresses. Specifically,
DREB2, which is highly upregulated in bracts, seems to be involved in improving tolerance
and yield in cases of water limitation, in rice, for instance, this leads to a higher number of
inflorescences (Bihani et al., 2011). This is a key characteristic for a species that grows under
very extreme conditions, in desertic areas but also because the gene is upregulated in the
bracts that protect the seed which will eventually become fleshy.
Other ethylene-responsive transcription factors (ERF) are also strongly upregulated in
bracts, including ERF024 and several putative ERF017 homologs. Little is known about the
function of these proteins, but they may be involved in regulation of gene expression by
stress factors and by stress signal transduction pathways
(https://www.uniprot.org/uniprot/Q9SJR0). Additionally, a putative TCP2 homolog, a
gene in known in Arabidopsis for its role in the negative regulation of boundary-specific
genes such as CUC (Koyama et al., 2007) is upregulated (Figure 4.7b). TCP2 genes are also
involved in ovule development (B. Wei et al., 2015). To better understands the specific role
that this gene may play in the development of bracts in Ephedra antisyphilitica further
studies are needed.
Of the 48 genes likely to play a role throughout Ephedra antisyphilitica bract development
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(among the genes shared by the young ovulate cone and the bracts), several ERF genes have
been detected, as well as members of the R2R3-MYB gene family, widely known for their
control of plant secondary metabolism (Stracke et al., 2001). It is important to highlight
that a MADS-box homolog seems to be expressed throughout bract development as well
(supplementary table C.9 - C.10).

4.4.6

Differentially expressed genes in bracts with different morphologies,
dry and fleshy

Through this study it was possible to identify 407 DEG in the bracts of E. californica
(Figure 4.6a) and 524 DEG in the bracts of E. antisyphilitica (Figure 4.7a). While several
different genes seem to be involved in the development of the dry bract in E. califonica,
strikingly, several members of the APETALA2/ERF transcription factor family appear to be
involved in the development of the fleshy bract of E. antisyphilitica (Figure 4.7).
It is important to highlight that many genes putatively playing a key role in the development
of the bracts of the two species have not been annotated (supplementary tables C.6, C.9),
which means that they do not have any similarities or detectable homologs in other lineages
(M. Long et al., 2003; Tautz and Domazet-Lošo, 2011). Two factors could explain this, on
the one hand, it could be due to the limited number of genomes currently available for
gymnosperms and on the other hand that, these genes could be species specific, or
taxonomically restricted genes (Khalturin et al., 2009; Wilson, Bertrand, et al., 2005; Wilson,
Feil, et al., 2007). Taxonomically restricted genes are important for the development of
specific novelties, generating morphological diversity (Khalturin et al., 2009). Thus, further
studies to properly annotate these ‘orphan genes’ are important to understand the unique
bract development in Ephedra.
To better assess the function of the genes detected in this study, expression analyses are still
necessary. Besides, lacking functional methodologies, in situ hybridization experiments are
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necessary, because they make it possible to determine the exact time and location where
these genes function. Yet, the outcomes of this study provide a solid framework for future
research aimed at improving our understanding of the genetic network underlying the
development of seed structures, relevant to seed viability, endurance and survival.
Additionally, the extensive transcriptomes presented here, generate fundamental molecular
information for the development of new model species.
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Transcriptome Analyses and Differentially Expressed Genes in the
Aril of Taxus baccata

5.1

Introduction

The seed develops from an ovule and consists of the embryo, nutritive tissue and the
protective layers, the seed coat. The seed is a mature stage of the ovule; the embryo is the
result of the fertilization of the egg by the pollen, which results from maternal and paternal
tissues; and the seed coat develops from the integument(s) after the maternal tissue has
undergone various degrees of structural changes (Esau, 1965). Some seeds have additional
structures which seem to play a role in dispersal by attracting birds and mammals (Garcıa
and Ramón Obeso, 2003; Martınez et al., 2008). Indeed, in several species of seed plants,
particularly in early diverging angiosperms, the aril occurs frequently (i.e., Chloranthaceae,
Magnoliaceae, Myristicaceae and Annonaceae; Corner, 1949; Endress, 1973). Arils have been
described as structures that develop as the result of funicular growth, but there are similar
structures known as a ‘caruncle’, which develop from the micropyle (like in Euphorbia; Esau,
1965). However, in some other species, as in the case of Myristica, the outgrowth is partly
funicular and partly micropylar (Bresinsky, 1963; Puri, 1970). Therefore, since these
outgrowths can develop from the funiculus, micropyle, or both differentiating them based on
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the structure alone is much more complex.
Although gymnosperms do not have a fruit to disperse the seeds (Foster and Gifford, 1974),
the ovule and seed have structural modifications or have associated structures that develop
around the ovule, forming fleshy or dry winged seeds, ensuring its dispersal (Coulter and
Chamberlain, 1910; Haan, 1920; Herr, 1995; Tiffney, 1986). Within the extant conifers, the
Taxaceae family have unique seeds, as it lacks the distinctive cone-forming bract scale/seed
scale complex (Dörken et al., 2019; Ghimire et al., 2014); instead, they have solitary seeds
covered by an edible, colorful, fleshy structure (Contreras et al., 2017; Dörken and Hetzel,
2017; Farjon, 2007; Tomlinson and Takaso, 2002). Among the different genera, there seems
to be a great morphological diversity in the fleshy structures (Dörken et al., 2019). The
fleshy outgrowth in Amentotaxus is known as ‘epimatium’. In Cephalotaxus, the subject is
still under discussion as to whether it is an aril or a fleshy sacortesta (Contreras et al., 2017;
Eckenwalder, 2009; Farjon, 2007; Kubitzki, 1990; I. Mundry, 2000; Stützel and Röwekamp,
1999). In Austrotaxus, Taxus, Pseudotaxus and Torreya, the fleshy structure is widely
accepted as an aril (Eckenwalder, 2009; Farjon, 2010; I. Mundry, 2000; Stützel and
Röwekamp, 1999). The aril of the two closely related genera, Pseudotaxus and Taxus, is very
similar. Their arils are both strongly swollen, fleshy, and not fused to the seed (Y. Cheng
et al., 2000; Dörken et al., 2019).
Taxus baccata is a dioecious species, and it has been of wide interest due to its interesting
and valuable biochemistry. The seeds and leaves are rich in toxic alkaloids in fact, except for
the aril, the other parts of the plant are highly toxic (R. W. Miller, 1980; P. Thomas and
Polwart, 2003). According to studies of seed development (I. Mundry, 2000), the primordia
of the ovule develop in the axis of the scale (by August), the vegetative cone then divides
two or three more leaves and stops growing. Two months later (by November), the
differentiation of the integument occurs in the ovule primordia, developing as a ring around
the nucellus, forming a narrow micropyle. Around three months later (February) the aril
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begins to differentiate at the bottom. After nearly a year of development (by June), the
integument has become a hard seed coat and the aril turns red and fleshy (I. Mundry, 2000).
When the aril is ripe, the embryo is immature, animal dispersers eat the aril discarding the
seed (Heit, 1969; Hejnowicz, 1978).
In terms of the genetic development of the aril, only two homologs of MADS-box genes, AG
and AGL6, widely known for their role in ovule development in seed plants (Y.-Y. Chen
et al., 2012; De Folter et al., 2006; Erdmann et al., 2010; Mouradov et al., 1999; Nesi et al.,
2002; Theissen and Saedler, 2001; Winter et al., 1999), have been shown to be expressed
throughout the ovule, including the aril of T. baccata (Englund et al., 2011; Lovisetto,
Guzzo, Tadiello, et al., 2012).
The aim of this study is to identify the genes involved in the development of the aril in T.
baccata a species of particular interest for various reasons: 1) key phylogenetic position, in
the first extant plant lineage where seeds evolved, gymnosperms; 2) unique morphology
among conifers; 3) ability to build on previous analyses of the morphoanatomy of the seed
(I. Mundry, 2000). So far little is known about the genes involved in the proper development
of the aril of Taxus. Lacking candidate genes involved in the development of the aril in T.
baccata, RNA-seq is a fundamental tool for in-depth transcriptome analyses in the different
tissues and when functional methodologies are not applicable. This study presents several
genes which appear to play a key role in aril development in this species, including several
members of the euAPETALA2 gene lineage, are found among the upregulated and
downregulated genes.
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5.2

Methods

5.2.1

Collection of plant material for RNAseq, total-RNA extraction and
Illumina sequencing

Plant material of Taxus baccata dissected from young (green) aril, ovules, leaves, and pollen
cones were collected from the ground of the New York Botanical Garden (Accession number:
36/55*A). All samples were collected in triplicate and stored in liquid nitrogen (Figure 5.1a).
Four different tissues were processed for a total of 12 samples for sequencing. The total RNA
of the different samples was extracted following a protocol based on CTAB/Chloroform
(Chang et al., 1993). The quality of the total RNA was assessed using Qubit® 2.0
(ThermoFisher Scientific) and an Agilent Technologies 2100 Bioanalyzer. For the preparation
of the sequencing libraries, only high quality total RNA was used (Ratio A260/A280 ≈ 2
and RIN ≥ 8). RNA-Seq libraries were prepared using NEBNext Poly(A) mRNA Magnetic
Isolation Module Library Prep Kit (New England Biolabs). The resulting libraries were
paired-end (PE) sequenced (2 x 150 bp) using an Illumina HiSeq2000. The average
sequencing depth for each sample was 40 million reads (Supplementary fig D.1).

5.2.2

De novo transcriptome assembly and gene annotation

The quality of the reads was assessed using FastQC (Figure 5.1b; Andrews, 2010).
Subsequently, sequencing adapters and low-quality reads (Phred score ¡ 5) were removed
using Trimmomatic (V 0.36) with all the default parameters (Bolger et al., 2014). A
reference transcriptome was assembled using all contigs with 𝑙𝑒𝑛𝑔𝑡ℎ ≥200 nucleotides from
all RNA samples. The quality of transcriptome assembly was assessed based on the
calculated E90N50 contig length. Transcriptome quality was assessed with contig length
(N50) and BUSCO annotation (90.5% complete), the resulting assembly was used for the
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Figure 5.1: Taxus pipeline. a Taxus baccata ovules, pollen cone and leaves sequenced. b
bioinformatics pipeline used divided into three main steps: 1) transcriptome assembly, 2)
annotation and 3) D.E. analysis.
following steps. Long open reading frames (ORF) were predicted using TransDecoder (v
3.0.0) software (Figure 5.1b Haas et al., 2013).

5.2.3

Transcriptome abundance (RSEM) and expression level analyses (EBSeq)

Reads from different plant tissues were aligned to the reference transcriptome using Bowtie2
(Langmead and Salzberg, 2012) and RNA-Seq by Expectation Maximization (RSEM) was
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used to obtain estimates of transcript abundance for all transcripts (B. Li and Dewey, 2011).
The resulting expression levels were calculated in terms of Transcripts Per Million (TPM). A
Principal Component Analysis (PCA) was performed with the normalized expression data
(obtained with RSEM), as it preserves the global data structure by forming well-separated
clusters, allowing the detection of major differences between samples. However, it may not
preserve the similarities within clusters. Therefore, a hierarchical clustering analysis using
the ‘complete’ linkage method provided a dendrogram that, as a function of gene expression
levels, shows the relationship between samples. These analyses were executed in Python3
using the libraries: pandas, sklearn, SciKit and scipy.
EBseq (Bioconductor; Leng et al., 2020) was used to compare the different levels of
expression and detect DEG. Transcripts were considered differentially expressed between
integuments and the other tissues when TPM was ≥0.95 for at least a single tissue and fold
change (log2FC) was ≤-2 and ≥2 with an FDR p ≤0.05 (Fold Discovery Rate). Results were
visualized using different Python libraries (i.e., Matplotlib, Seaborn; Figure 5.1b).

5.2.4

Maximum likelihood analyses

To corroborate the homology of selected genes upregulated in the aril, Maximum Likelihood
(ML) analyses were performed. The three putative AP2 isoforms were incorporated into a
previously published matrix containing sequences across land plants (Zumajo-Cardona,
Pabón-Mora, et al., 2021), using AliView (Larsson, 2014). In addition, a putative NAC gene,
similar to NAC-NOR in Solanum, has been identified as upregulated (supplementary table
D.5). The Solanum sequence (AY573802.1), was used as query to make a BLAST search in
angiosperm genomes (https://phytozome.jgi.doe.gov/pz/portal.html). Once the homology of
this gene was established, Arabidopsis sequences were used as query as well (AtNAC2 =
ANAC056 : AT3G15510.1; AtNAC3 = ANAC055 : At3g15500; AtNAM = ANAC019:
At1g52890) for a BLAST search to several publicly available transcriptomes
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(https://db.cngb.org/onekp/). A total of 206 sequences were included in the ingroup. CUC1
(AT3G15170) and CUC3 (AT1G76420), which are members of the large NAC family (NAM,
ATAF, and CUC ) genes, were used as an outgroup. Alignments were performed using the
online version of MAFFT setting the gap open penalty to 3.0 and an offset value of 0.8
(Katoh et al., 2002). RAxML Black-box, available through the CIPRES portal was used to
infer the phylogenetic relationship of these genes (Stamatakis et al., 2008).

5.3

Results

5.3.1

Transcriptome assembly

Total RNA from the aril, ovule, pollen cone and leaves were sequenced separately to identify
genes specifically expressed in those tissues. Using the Trinity software, a de novo reference
transcriptome from Taxus baccata was assembled by combining transcriptomes from these
tissues.
A total of 46678 transcripts were obtained, with an average GC content of 41.11% and with
a maximum assembly contig length of 17900 (Table 5.1). Based on read coverage, the
E90N50 statistic was 1.8Kb (supplementary fig. D.2), the reference transcriptome contained
90.5% of Embryophyte conserved genes using BUSCO annotation (supplementary fig. D.3).
Subsequently, a Principal Component Analysis (PCA) shows that all the samples analyzed
are very different in terms of gene expression levels (Figure 5.2a).
The hierarchical cluster analysis allows a better visualization of all the data, showing both
relative similarities and differences between samples (Figure 5.2b). The resulting
dendrogram, indicates that the levels of gene expression in aril are quite different from those
in all other tissues. In terms of clustering, this results in clearly differentiated clusters of the
aril on one side and another cluster where the leaf, ovule and pollen cone are located (Figure
5.2b). Total RNA from the aril, ovule, pollen cone and leaves were sequenced separately to
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identify genes specifically expressed in these tissues. Using Trinity software, a de novo
reference transcriptome from Taxus baccata was assembled by combining transcriptomes
from these tissues.
Parameter

Number

Total trinity transcripts

46678

Total trinity genes

22785

%GC

41.11

longest contig

17900

shortest contig

201

Number of contigs ≥ 200 bp

46678

Number of contigs ≥ 1Kb

32292

Number of contigs ≥ 5kb

1358

Number of contigs ≥ 10Kb

47

Number of predicted ORFs (Transdecoder)

60852

Table 5.1: Taxus baccata Reference transcriptome Stats.

Figure 5.2: PCA (a) and Hierarchical clustering (b) analyses for Taxus baccata.

Page 166

Chapter 5

5.3.2

Differentially expressed genes in the aril of Taxus baccata

Through a transcriptome analysis performed in the different tissues including the aril, pollen
cone, ovule and leaves, it was possible to identify differentially expressed genes (DEG). These
DEGs were filtered by statistical significance (FDR p ≤ 0.05), followed by a comparison of
all tissues against the aril; since the focus was on this structure which will later become the
fleshy seed coat. Subsequently, to reveal the genes with a larger change (log2FC ≤ -2 and ≥
2), a Fold Change threshold was added, detecting 788 DEG (Figures 5.3a).
With a Gene Ontology (GO) enrichment analysis followed by InterProScan (incorporated in
Blas2GO; www.blast2go.com), putative homology was assigned to each of the DEGs.
Subsequent analyses focused only on transcription factors (TF), genes associated with a
DNA-binding function, as an initial filtering of data. In total 63 transcription factors likely
involved in DNA binding functions have been identified (supplementary table D.5). Of these
identified TFs, in the aril, compared to all other tissues, 14 are down-regulated and 49
up-regulated. Among those down-regulated there are several exonuclease-1 homologs,
kinesin-like proteins KIN-12E, and one putative AINTEGUMENTA homolog. Within the
upregulated genes there are several mitochondrial genes, putative APETALA2 homologs,
NAC-domain containing proteins (likely a SOMBRERO homolog), TOPLESS-RELATED
protein, one ANTHOCYANINLESS 2-like protein homolog, disease resistance protein TAO1
(Figure 5.3b).
Due to the vegetative nature of the aril, a specific comparison between the DEGs found in
the leaf and the aril was performed. 155 genes were found shared between the leaves and
arils. However, there are over 630 genes uniquely expressed in each of these tissues (Figure
5.3c). In the leaf in comparison to the other plant tissues, there are 795 DEGs (Figure 5.3d)
of which 109 were identified as transcription factors (supplementary table D.8 - D.11).
Among the 13 TFs that are downregulated, among which are several members of the
MADS-box genes, RAV1, and chromatin structure-remodeling complex protein SYD (Figure
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5.3e; supplementary table D.8 - D.11). Members of the R2R3-MYB family,
SCARECROW-like, SPEECHLESS-like, JOINTELESS-like and POLLENLESS-like genes,
all known to be involved in leaf development, are found among the upregulated TFs Histones
1, 3 and 4 are also upregulated.

5.3.3

Evolution of selected upregulated genes: AP2 and AtNAC3 homologs

Of those 49 genes upregulated in the aril of Taxus baccata (supplementary table D.5 - D.7),
four sequences were identified similar to AP2 (Figure 5.3b) a gene known to function in
ovule/seed development, specifically in the integument (Jofuku et al., 1994; Zumajo-Cardona,
Pabón-Mora, et al., 2021). After finding the ORF, it was possible to determine that two
sequences are identical, and three AP2 sequences for which the homology was determined
with phylogenetic analysis. Moreover, the sequences TabaAP2-1, TabaAP2-2 and
TabaAP2-3, show little differences thus, are most likely alternative transcripts (Figure 5.4).
In addition, with a BLAST search to NCBI for the two sequences containing the NAC
domain, which are also upregulated (Figure 5.3b), it was determined that one of those
sequences appeared similar to NAC-No Ripening (NOR) in tomato (SlNAC-NOR), which is
a positive regulator of fruit ripening (Gao et al., 2018). SlNAC-NOR, belonging to the NAP
subfamily, is a homolog of ANAC056 in Arabidopsis, (Aslam et al., 2012). A phylogenetic
analysis was performed including homologs of the NAP subfamily: ANAC056 (also known as
AtNAC2 ), ANAC019 (also known as AtNAM ) and ANAC055 (also known as AtNAC3 ),
across seed plants. In total, 53 angiosperm genes: 24 from the AtNAC2 clade and 28 from
the AtNAC3/AtNAM clade, and 152 gymnosperm homologs were isolated.
The gene tree, obtained by ML, shows that there are two major clades covering all seed
plants: one with AtNAC2 homologs and another one with AtNAM/AtNAC3 homologs
(Bootstrap value, BS= 100). Within the AtNAC2 homologs there is a duplication event
before the diversification of gymnosperms (Figure 5.5). In the AtNAM/AtNAC3 clade, there
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is a duplication specific to Brassicaceae giving rise to AtNAM and AtNAC3 ; the Taxus
baccata sequence, TabaNAC, belongs to the AtNAM/AtNAC3 clade. In addition, it was
possible to detect that there are two distinct gymnosperm clades, and at least two
duplications before the diversification of Pinales and Cupressales (BS=81 and 87; Figure 5.5).

5.4

Discussion

In some species of seed plants, the aril is an important characteristic, a structure that also
plays a crucial role in the successful dispersal of seeds (Howe, 1977; Howe, 1982; Garcia and
Obeso, 2003; Garcia et al., 2005; Martinez et al., 2008). Despite its relevance, the knowledge
about the genetics involved in aril development remains scarce. To date, no candidate gene
haves been proposed. This study, aims to fill some gaps on the subject, with an emphasis on
identifying genes putatively involved in the development of the aril. Here, the first
transcriptome analyses in the different tissues of T. baccata are reported.
Through the different analyses performed, it has been possible to grasp the genetic differences
among the tissues studied:, leaves, arils, ovules, and pollen cones (Figure 5.2a). But also, the
uniqueness of the aril at the molecular level, compared to other tissues, which is corroborated
by its unique morphology and biochemical composition (Figure 5.2b; I. Mundry, 2000).

5.4.1

Major molecular differences between non-reproductive tissues: leaf and
aril.

In Taxus baccata, the morphology and biochemical composition of the tissues of leaf and aril
are strikingly different (R. W. Miller, 1980; I. Mundry, 2000; P. Thomas and Polwart, 2003).
However, it is intriguing to know how these tissues compare at the molecular levels due to
their similar vegetative nature. From the comparison between the two tissues, I detected
more than 630 differentially expressed genes that were found to be uniquely expressed in
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each tissue, the leaf and the aril (Figure 5.3c). My analyses also indicated that the genetic
network involved in leaf development consists mainly of up-regulated genes compared to
those down-regulated which are very few (Figure 5.3d).
Of the transcription factors identified, some are widely known for their function in proper
development of the leaves in Arabidopsis (Figure 5.3e). For example, SPEECHLESS, a
bHLH gene, is involved in the initiation of the stomata development on the leaf surface
(Lampard et al., 2008; McKown et al., 2019); another bHLH gene, SCARECROW, is known
to be involved in the cellular patterning of leaves and shoots as well as roots (Hughes et al.,
2019; Wysocka-Diller et al., 2000); JOINTELESS, a MADS-box gene known for its role in
controlling flower abscission in tomato (Mao et al., 2000). It is likely that the function of
these genes in vegetative development is conserved in Taxus baccata, where they are highly
up-regulated (Figure 5.3b).

5.4.2

Upregulated transcription factors likely involved in aril development of
T. baccata, include the APETALA2 and NAC homologs

Following a candidate gene approach, it has been suggested that members of the large
MADS-box transcription factor family could play a a key role in aril development. The T.
baccata homologs of AGAMOUS and AGL6, which play an important role in the
development of the ovule in Arabidopsis, have also been found expressed in the aril
(Lovisetto, Guzzo, Tadiello, et al., 2012). The evolution and expression of candidate genes
can be determined, however, when it comes to understanding unique traits or working with
species distantly related to the model species, it also has its limitations.
The use of RNA-seq, a tool with great potential to reveal differentially expressed genes on a
large scale, shows that no MADS-box gene appear differentially expressed in the aril, which
suggests that there are other transcription factors involved in the development of this
structure (Figure 5.3b).
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Three isoforms of the APETALA2 transcription factor family, whose homology with the
euAP2 lineage was confirmed with phylogenetic analysis, are among the upregulated genes
(Figure 5.4). The euAP2 genes are known to be involved in key innovations in land plants,
including the ovules of seed plants, as they have been found expressed in the nucellus and
integument of Ginkgo and Gnetum (Zumajo-Cardona, Pabón-Mora, et al., 2021).
Furthermore, several members of the AP2/ERF transcription factor family function in cell
elongation and division, which is likely the ancestral function of the euAP2 lineage
(Mizukami and Fischer, 2000; Ohto et al., 2009).
In Arabidopsis, the NAC transcription factors are large family of proteins containing 105
paralogs, which have been classified into two groups I and II (Ooka, 2003). In the aril of T.
baccata, a gene containing a NAC-domain has also been identified, and is upregulated. With
a BLAST search (Blast2GO and NCBI-BLAST) it was possible to identify the T. baccata
homolog as a member of the NAP-subfamily, characterized by the canonical NAC domain
towards the C-terminus of the protein and two highly conserved motifs IFSDx6IYDGG and
YQIPGLNWY at the N-terminus of the protein (Aslam et al., 2012; Ooka, 2003). By
performing a phylogenetic analysis, with extensive sampling that included homologues of the
three Arabidopsis paralogs, ANA019, ANAC055 (AtNAC3 ) and ANAC056 (also ATNAC2,
not to be confused with AtNAC2 = AtNAC6 ), it was possible to determine that the
upregulated T. baccata sequence in the aril belongs to ANAC019 and ANAC055 (Figure
5.3).
In Arabidopsis, studies of these genes have shown that they are key players in a wide variety
of processes (Olsen et al., 2005). ANAC019 and ANAC055 acting downstream of AtMYC2
regulate jasmonic-acid related defense responses (Bu et al., 2008). In addition, ANAC055 is
regulated by the histone methylase encoded by CAU1 which binds to the ANAC055
promoter, and suppresses its expression. This regulation acts during drought resistance, and
under drought stress levels of CAU1 decrease and ANAC055 increase, which also increase
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proline accumulation and drought tolerance (Fu et al., 2018).
With a phylogenetic analysis, it was possible to determine that SlNOR is homologus to
AtNAC2 (ANAC056 ; supplementary fig. D.4), the sister clade to ANAC019/ANAC055 ;
several members of the NAC family are involved in tomato fruit ripening, SlNAC1 and
SlNAC4, and the well-known NOR (Giovannoni, 2004; Giovannoni, 2007; N. Ma et al., 2014;
M. Zhu et al., 2014). To determine whether the function of ANAC019/ANA055 homologs in
aril development is conserved, studies on other species exhibiting an aril are still required.
By performing the transcriptome analysis in the aril of T. baccata, it was possible to identify
genes differentially expressed between tissues. The results presented here, show differentially
expressed genes up-regulated or down-regulated depending on the nature of each tissue,
providing a better overview of the molecular mechanisms underlying the development of the
aril, which constitutes a breakthrough in the understanding of molecular mechanisms that
promote responses to seed dispersal.
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Figure 5.3: Taxus baccata transcriptome analyses to detect DEG in the aril (a - b) and
DEG in the leaf (d - e); Up-regulated genes are in blue; down-regulted genes in yellow. a
Cluster map of the DEGs in the aril, b Cluster map of transcription factors. c Venn diagram
comparing DEG in the leaf and the aril. d Cluster map of the DEG in the leaf. e Cluster
map of transcription factors.
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Figure 5.4: Maximum Likelihood analyses of AP2 genes, in green are shown Taxus baccata
homologs.
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Figure 5.5: Maximum Likelihood analyses of NAC genes. Yellow stars pointing to major
duplication events. Colors in the tree follow the top left convention.
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Overall discussion, concluding remarks and perspectives

The seed, this complex structure, holds in itself, the viability and the survival of its
generation, but also that of the next generation of plants. Compared to angiosperms, which
have their seed covered with a fruit, gymnosperms, presenting a “naked seed”, have
developed different strategies to successfully cover and to disperse the seed (Brongniart,
1828; Esau, 1965; Lindley, 1830; Tomlinson, 2012). Gymnosperms, the first extant lineage
where seeds evolved, include a diverse group of plants, often big trees with long life cycles.

6.1

Origin and evolution of the integument

In seed plants, an ovule is formed by the megasporangia covered by the integument, a layer
of protective cells. After fertilization, the ovule becomes the seed and the seed coat develops
from integument(s). However, in some species there are accessory structures that also
contribute to the seed coat. On the origin and evolution of the ovule in seed plants, three
major hypotheses have been formulated, all plausible and each supported by morphological
and palaeobotanical evidence. The subject is still widely debated. The first hypothesis
proposes that the integuments originated from the funiculus as a new structure (”de novo”
hypothesis; Meeuse, 1966), a second one suggesting that the integuments are the result of
fusion of sterile telomes surrounding a single sporangium (”telome hypothesis” Walton, 1953;
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Zimmermman, 1965) and a third hypothesis which suggests that the integuments are the
result of fusion and sterilization of a cluster of sporangia around the fertile sporangium
(”synangial hypothesis” Benson, 1904; Kenrick and Crane, 1997).
Genetically, the knowledge available so far, has been limited mainly to angiosperms and
some seedless species, like the fern Equisetum hyemale, the lycophyte Selaginella
moellendorffii and the moss Physcomitrella patens. However, the genetic information
available in the other main branch of seed plants, gymnosperms, remains scarce or even
non-existent. The molecular mechanisms underlying the development of key structures which
form the seed, and therefore the integuments, have not been fully investigated.
This dissertation, focus on four genera belonging to gymnosperms: Gnetum, Ginkgo,
Ephedra and Taxus, addresses questions of seed development and evolution from a genetic
perspective and explores the molecular mechanisms underlying this structure using a
transcriptomic approach.
With the expression analyses carried out, for the genes known to be essential in ovule
development, namely: WUSCHEL, BELL1, AINTEGUMENTA, KANADIs, C3-HDZIPs
and UNICORN (Baker et al., 1997; Gasser, Broadhvest, et al., 1998), it was possible to
determine that the genetic network of the ovule is not conserved across seed plants; not all
genes involved in the development of the integuments in angiosperms have been found
expressed in the integuments of Ginkgo biloba and Gnetum gnemon. However, since these
genes are highly conserved in all seed plants, it is likely that these expression shifts are due
to changes in regulatory regions. Furthermore, it is known that in angiosperms, the
regulation and expression of genes such as WUSCHEL and BELL1, vary according to the
differences in the control of the determination of the meristem in relation to the types of
placentation in the different species (Colombo et al., 2008). It is possible that in
gymnosperms, their interaction with other genes and regulators is different, as there is no
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placenta, or changes in these interactions may be linked to the development of different
associated structures such as the aril, bracts and extra envelopes.
Moreover, the gene expression analyses performed for the homologs of Ginkgo and Gnetum,
made it possible for me to determine that BEL1 and KAN, also studied in seedless plants,
are found expressed in sporangia. Altogether, this suggests that the ancestral function of
these genes was in the development of sporangium and that they were co-opted for
integument development in seed plants. These results support the hypothesis that the
integuments ovules evolved through the sterilization of sporangia.

6.2

Morphological variation of the seed coat in gymnosperms

Gymnosperms have only one integument, yet there is variation in the seed coat morphologies;
little is known about the mechanisms involved in the development of the seed coat in this
lineage of seed plants. In most species, the seed coat originates from the integument(s),
however, there are other structures, that are also part of seed coat, some of which develop
from the funiculus, such as bracts or arils, that cover the integuments are also playing a role
in seed dispersal.
The results of transcriptome analyses performed on the seed coat structures, in four
gymnosperms species with different morphologies, such as the fleshy integument in Ginkgo,
the fleshy and dry bracts in Ephedra, and the aril in Taxus, provide the first molecular
exploration of the genes putatively involved in development of each of these structures;
results which provide a solid framework for future studies assessing the development of
different seed structures.
Through the extensive transcriptome analyses performed, it was possible to determine that
Taxus baccata transcriptomes were better annotated, compared to the other species such as
Ginkgo and Ephedra with a smaller number of unknown genes; Taxus is a conifer, the
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gymnosperm clade with genomes available (Neale et al., 2014; Nystedt et al., 2013; Stevens
et al., 2016; Warren et al., 2015). It is important to point out the importance of generating
more genomes in groups where these are underrepresented, in order to have better tools for
molecular studies.

6.3

Homology of the integument

Homology refers to the identity and relation of characters, when two characters are
homologous, they are fundamentally the same kind and since Darwin, the concept is based
on common ancestry (Darwin’s, 1859; Lankester, 1870). Homology allows us to make
accurate comparative generalizations across taxa, leading to phylogenetic inference,
providing a descriptive structure of organismic evolution and to develop hypothesis about
adaptation, convergent evolution, and evolutionary novelties (DiFrisco, 2020).
There is debate on how to accurately establish homology of traits for which continuity is not
directly accessible to researchers, sameness remains unexplained. Homology was initially
established using comparative anatomy, which was later combined with the theory of
evolution, providing a powerful explanation of why diverse organisms share multiple
characters in the same body parts, it is because they evolved from a common ancestor.
Later, morphological and paleontological evidence began to be included, providing evidence
of intermediate forms in the character transformation series (Hennig, 1999). With the
addition of phylogeny, the use of homology to establish the phylogenetic tree (cladistics),
homology was re-conceptualized as characters derived and shared by more than one taxon,
(apomorphies and syn-apomophies, respectively; DiFrisco, 2020). More recently, development
has been taken into consideration when determining homology, because it allows us to clear
some areas which are not taken into consideration with perspectives described previously.
However, some problems arise when homologous characters do not develop from
non-homologous causes, like shuffling of genes for the same trait, pleiotropy, co-option,
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compensation, parallel and convergent genetic evolution, and provide complexities with
defining morphological homology in terms of genes (De Beer, 1971). Thus, it has been
proposed that the expression of individual homologous genes do not underlie the homology
of morphological characters but rather the historical continuity of gene regulatory networks
(Wagner, 2007, 2018).

Figure 6.1: Schematic representation of the evolution of seed plants, including extinct (grey)
and extant (black) lineages. Diversity of cones is shown with black lines, and diversity of
ovules in color at the top.
Sporangia, the structures where spores and gametes are formed by mitosis and meiosis,
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respectively, are homologous in land plants (Niklas and Kutschera, 2010). Concerning seed
homology, there is evidence from Paleozoic lineages that suggests the independent origin of
integuments (Foster and Gifford, 1974; G. W. Rothwell et al., 2010). The results of this
study indicate that there are major morphological, anatomical, and developmental
differences among gymnosperm clades (Figure 6.1).
The homology between the single integument in gymnosperms and one of the two
integuments of angiosperms, has been discussed from various perspectives, a subject which is
still controversial. Several authors have proposed that the ovules of angiosperms originated
from a unitegmic ovule, and the sporophyll of Caytonya and Glossopteris, gave rise to the
outer integument (Crane, 1985; Doyle and M. J. Donoghue, 1986; Umeda et al., 1994). And
that due to the absence of the INNER NO OUTER gene in gymnosperms, a gene responsible
for the development of the outer integument in angiosperms (Eshed, Izhaki, et al., 2004), it
has been proposed that the inner integument of angiosperms and the integument of
gymnosperms are homologous (Gasser and Skinner, 2019); which makes conclusions on the
homology of integuments based on the absence of a single gene, a risky proposition.
The evaluation of the homology of the seed has been a fundamental part of this work. The
gene expression data indicate that there are significant changes in their putative function in
seed plants. These results lead to the conclusion that due to the complexity of the seed, the
integument, establishing homology only from genetic expression data is imprecise for an
accurate homology conclusion, other data must be considered such as morpho-anatomy. In
this case, the evolution of a single gene does not reflect the evolution of the structure. From
this investigation is possible to conclude: 1) comparisons between fleshy structures covering
seeds in Gingko, Taxus and Ephedra, show completely different expression patterns of
transcription factors (TFs) in each case. 2) The recruitment of different TFs in each
gymnosperm studied indicates that these structures are not homologous. 3) The data
indicates that they represent relict of forms that evolved independently and have left only
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few species with these distant morphologies and gene pathways.
There is no doubt that more genetic studies should be carried out on other gymnosperms
and seedless plant lineages, to better predict the functional evolution of these genes and their
impact on the morphological evolution of plants. On the other hand, that for a better
understanding of the functional characterization of the transcription factors here identified is
necessary.
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Figure A.1: MEME analysis of ANT proteins, colored boxes show conserved motifs, grey
lines show unique regions
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Figure A.2: Motifs found conserved in ANT proteins, letter sizes show conservation of the
aminoacids
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Figure A.3: MEME analysis of BELL proteins, colored boxes show conserved motifs, grey
lines show unique regions.
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Figure A.4: Motifs found conserved in BELL1 proteins, letter sizes show conservation of
the aminoacids.
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Figure A.5: Motifs found conserved in BELL1 gymnosperm proteins, letter sizes show
conservation of the aminoacids.
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Figure A.6: ML analysis of the KANADI gene lineage.
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Figure A.7: MEME analysis of KAN proteins, colored boxes show conserved motifs, grey
lines show unique regions.
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Figure A.8: Motifs found conserved in KAN proteins, letter sizes show conservation of the
aminoacids.
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Figure A.9: Motifs found conserved in KAN proteins, letter sizes show conservation of the
aminoacids.

Page 192

Appendix A

Figure A.10: MEME analysis of UCN proteins, colored boxes show conserved motifs, grey
lines show unique regions.
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Figure A.11: Motifs found conserved in UCN proteins, letter sizes show conservation of
the aminoacids.
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Figure A.12: Motifs found conserved in UCN proteins, letter sizes show conservation of
the aminoacids.
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Figure A.13: MEME analysis of SIN1 proteins, colored boxes show conserved motifs, grey
lines show unique regions.
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Figure A.14: Motifs found conserved in SIN1 proteins, letter sizes show conservation of
the aminoacids.
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Figure A.15: Motifs found conserved in SIN1 proteins, letter sizes show conservation of
the aminoacids.
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Gene

Primer Seq.

GbC3HDZ1Fwd

ccaggttcacgagcaggag

GbC3HDZ1 Rev

ccactagtaccatctgttc

GbC3HDZ1 Rev ISH

CTTAATACGACTCACTATAGGGccactagtaccatctgttc

GbC3HDZ2 fwd

cctgtagtgttccatcttcac

GbC3HDZ2 Rev

ggagactcgagttcctgctg

GbC3HDZ2 RevISH

CTTAATACGACTCACTATAGGGggagactcgagttcctgctg

GbC3HDZ3 Fwd

cttcagctgcaatgaaagca

GbC3HDZ3 Rev

ctaatgtacggttaggagtcg

GbC3HDZ3 RevISH

CTTAATACGACTCACTATAGGGctaatgtacggttaggagtcg

GbC3HDZ4 Fwd

gttcagctactttgagaactc

GbC3HDZ4 Rev

gtgcaagacatgccatatcc

GbC3HDZ4 RevISH

CTTAATACGACTCACTATAGGGgtgcaagacatgccatatcc

GbC3HDZ5 Fwd

gtaaaacacctataagagaa

GbC3HDZ5 Rev

CATTCCATGACAGAAGCTG

GbC3HDZ5 Rev

gtgcgtgatagactgcacc

GbC3HDZ5 Rev ISH

CTTAATACGACTCACTATAGGGCATTCCATGACAGAAGCTG

GbC3HDZ5 RevISh

CTTAATACGACTCACTATAGGGgtgcgtgatagactgcacc

GbC3HDZ5Fwd

ATGCCCAGCATTATGGAGAAG

GbWUS Fwd

GGAATCCGTTCATGAGCAAGT

GbWUS Rev

TCCAGTGCCGATTCACTCC

GbWUS Rev ISH

CTTAATACGACTCACTATAGGGTCCAGTGCCGATTCACTCC

GibiBEL12fwd

ctgaggactatagccttgtc

GibiBEL12revISH

CTTAATACGACTCACTATAGGGgcaggatgaactgctgaag

GibiBEL12revPCR

gcaggatgaactgctgaag

GibiKANfwd

GGATCATCAAGGAGGCTTAT

GibiKANrev ISH

CTTAATACGACTCACTATAGGGTGTTGGCAGGACTTGAAGC

GibiKANrev PCR

TGTTGGCAGGACTTGAAGC

Table A.1: Primers used to make the probes for In situ bybridization
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Primer Seq.

GibiUCN Fwd

gacgtcttgtaaaccacaac

GibiUCN Rev

acatccaaatcagggtccttc

GibiUCN Rev ISH

CTTAATACGACTCACTATAGGGACATCCAAATCAGGGTCCTTC

GibiUCN2 Fwd

gatggcaagtgccattcattc

GibiUCN2 Rev

ctttgacagacaggctcatg

GibiUCN2revISH

CTTAATACGACTCACTATAGGGctttgacagacaggctcatg

GnepANT fwd ISH

GATGGAGCAGGAAAGCAAGG

GnepANT rev ISH

CTTAATACGACTCACTATAGGGGAGAGCCTGGACTCATGGTT

GnmoANT fwd

gacagtcacagctcggac

GnmoANT rev

catggtagcctgctcgagat

GnmoANT rev ISH

CTTAATACGACTCACTATAGGGcatggtagcctgctcgagat

GnmoKAN1fwd

gaacagcattatcctgctgc

GnmoKAN1rev

ctgaatgctcagctgattg

GnmoKAN1rev ISH

CTTAATACGACTCACTATAGGGctgaatgctcagctgattg

GnmoKAN2fwd

gggtctccagatacaggtg

GnmoKAN2rev

gtaacaatcgtatgtaagg

GnmoKAN2rev ISH

CTTAATACGACTCACTATAGGGgtaacaatcgtatgtaagg

GnmoUCN fwd

ctcatgtctgtctgataactg

GnmoUCN rev

caaccacctctgctgc

GnmoUCN rev ISH

CTTAATACGACTCACTATAGGGcaaccacctctgctgc

GnmoUCN2 fwd

tgtcttgttgaaccgtaata

GnmoUCN2 rev

cttctgcggcatagaatc

GnmoUCN2 rev ISH

CTTAATACGACTCACTATAGGGcttctgcggcatagaatc

Melbel1 fwd

cagtctgcttcaagcgaag

Melbel1 rev

gcttccaatgccgtagtaac

Melbel1 rev ISH

CTTAATACGACTCACTATAGGGgcttccaatgccgtagtaac

Table A.2: Continuation Primers used to make the probes for In situ bybridization
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Model

Results

One ratio

W0 = 0.80491

One Ratio Two Ratios:
gymnoBEL1

b = 0.76058; f = 0.19404

gymnoBEL1-2

b = 0.13892; f = 0.18987

gymnoBEL1-3

b = 0.09877; f = 0.31754

gymnoBEL1-4

b = 0.20941; f = 0.08242

Table A.3: BEL1-BEll domain positive selection

Model

Results

One ratio

W0 = 0.21041

One Ratio Two Ratios:
gymnoBEL1

b = 0.04992; f = 0.09792

gymnoBEL1-2

b = 0.10134; f = 0.12796

gymnoBEL1-3

b = 0.05551; f = 0.15486

gymnoBEL1-4

b = 0.43005; f = 0.75843

Table A.4: BEL1-Homeodomain positive selection
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Model

Results

One ratio

W0 = 0.02929

One Ratio Two Ratios:
KAN1

b = 0.09432; f = 0.00010

Brassicaceae-KAN2

b = 0.0948; f = 0.10701

Brassicaceae-KAN3

b = 0.10931; f = 0.06717

gymnoKAN1/2/3-1

b = 0.02495; f = 0.10798

gymnoKAN1/2/3-2

b = 0.03133; f = 0.02616

Table A.5: KANADI- GARP domain positive selection

Figure A.16: Expression of the GibiC3HDZ-4 homolog.
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Figure B.1: Quality of the assembly, ExN50 is around 1.8Kb.
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Figure B.2: BUSCO graphs showing the completeness of the assembly.

Figure B.3: Gene Ontology assessment resulting from the Blast2GO analysis.
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Figure B.4: 188 DEGs detected in the young ovule.
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Figure B.5: 2,139 DEGs where detected in the megagametophyte.
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Figure B.6: List of up-regulated TF in the integument of Ginkgo.
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Figure B.7: Continuation- list of up-regulated TF in the integument of Ginkgo.
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Figure B.8: Continuation- list of down-regulated TF in the integument
of Ginkgo.
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Figure B.9: Continuation- list of down-regulated TF in the integument
of Ginkgo.
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Figure B.10: Continuation- list of down-regulated TF in the integument
of Ginkgo.
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Figure B.11: Continuation- list of down-regulated TF in the integument
of Ginkgo.
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Figure B.12: Genes shared in the young ovule and the Integument
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Figure B.13: DEG in the collar of Ginkgo.

Page 215

Appendix B

Figure B.14: DEG in the collar of Ginkgo.
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Figure C.1: Number of sequenced reads per sample in the two species a) Ephedra californica
b) Ephedra antisyphilitica.
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Figure C.2: Quality assessment of the transcriptome by ExN50 in a) Ephedra californica
and b) Ephedra antisyphilitica.
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Figure C.3: BUSCO analysis against the Embryophyta database in a) Ephedra californica
and b) Ephedra antisyphilitica. More than 80% of the transcriptomes are completed for both
species.
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Figure C.4: Transcription factors up- and down-regulated in Ephedra californica
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Figure C.5: continuation list of Transcription factors up- and down-regulated in Ephedra
californica.
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Figure C.6: DEG shared between the young ovules and Bracts of Ephedra californica.
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Figure C.7: Transcription factors up- and down-regulated in Ephedra antisyphilitica
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Figure C.8: Continuation list of transcription factors up- and down-regulated in
Ephedra antisyphilitica

Page 225

Appendix C

Figure C.9: DEG shared between the young ovules and Bracts of Ephedra antisyphilitica.
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Figure C.10: continuation -list of DEG shared between the young ovules and Bracts of
Ephedra antisyphilitica.
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Figure D.1: Number of sequenced reads per sample in Taxus baccata.
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Figure D.2: Quality assessment of the transcriptome by ExN50 in Taxus baccata.

Figure D.3: BUSCO analysis against the Embryophyta database in Taxus baccata.
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Figure D.4: ML of the NAC-NAP genes.
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Figure D.5: List of TFs DEG in the aril of Taxus baccata.
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Figure D.6: continuation - list of TFs DEG in the aril of Taxus baccata.
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Figure D.7: continuation - List of TFs DEG in the aril of Taxus baccata.
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Figure D.8: List of TFs DEG in the leaf of Taxus baccata.
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Figure D.9: Continuation- list of TFs DEG in the leaf of Taxus baccata.
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Figure D.10: Continuation- list of TFs DEG in the leaf of Taxus baccata.
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Figure D.11: Continuation- List of TFs DEG in the leaf of Taxus baccata.
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Rodrıguez-Pérez, J., Larrinaga, A. R., and Santamarıa, L. (2012). “Effects of frugivore
preferences and habitat heterogeneity on seed rain: a multi-scale analysis”. PloS one, 7(3),
e33246 (cited on p. 134).
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